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(57) ABSTRACT

An electronic control unit receives a detection value from
each sensor, and determines a familiarity degree coefficient
indicating the degree of driver’s familiarity with steering
characteristics, using the received detection values. When the
coefficient has a value near “0”, a desired actual steering
angle is calculated to be a small value, and when the coeffi-
cient has a value near “17, a desired actual steering angle is
calculated to be a large value. When the coefficient has a value
near “0”, a time constant of an actual steering actuator is set to
a large value, and when the coefficient has a value near “17,
the time constant is set to a small value. A reaction torque is
determined based on the coefficient.
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1
VEHICLE STEERING SYSTEM AND
METHOD OF CONTROLLING THE SAME

FIELD OF THE INVENTION

The present invention relates to a vehicle steering system,
and a method of controlling the same. More specifically, the
present invention relates to a vehicle steering system includ-
ing: a steering wheel that is operated by a driver to steer a
vehicle; a reaction force actuator for adjusting the reaction
force provided against an operation of the steering wheel; an
actual steering actuator for steering a steered wheel(s); and a
controller that adjusts the magnitude of the reaction force by
driving the reaction force actuator in accordance with the
operation of the steering wheel, and that controls steering of
the steered wheel(s) by driving the actual steering actuator,
and to a method of controlling the same.

BACKGROUND OF THE INVENTION

In recent years, steering-by-wire steering systems of this
kind have been actively developed. Japanese Patent Applica-
tion Publication No. 7-47970, for example, describes a con-
troller for a vehicle steering system that estimates the driving
skill of a driver under certain driving conditions at various
time points, and changes control characteristics of the steer-
ing system in accordance with the estimated driving skill to
control the steering system in accordance with driving con-
ditions of the vehicle, thereby always optimally controlling a
steering system of a vehicle that is significantly affected by
driving skills. This controller for a vehicle steering system
can always optimally estimate the driving skill of a driver
regardless of the driving conditions of the vehicle, by deter-
mining the actual trajectory of the vehicle from turning
behavior of the vehicle, determining a desired trajectory from
the operation performed by the driver, or from a driving path
of'the vehicle on a map, and estimating the driving skill of the
driver by comparing the integral of the deviation of the actual
trajectory from the desired trajectory with a predetermined
value every predetermined period of time.

In general, when a driver who has driven a vehicle
equipped with a steering system (hereinafter referred to as the
conventional steering system) that steers the steered wheels
by a certain steering amount mechanically determined rela-
tive to the amount of operation of a steering wheel switches to
a vehicle equipped with a steering system (hereinafter
referred to as the actual steering amount-variable steering
system) that can change the amount of actual steering of the
steered wheels relative to the amount of operation of the
steering wheel, the driver is highly likely to feel a sense of
discomfort with the difference between the steering charac-
teristics of these steering systems. Specifically, with the
actual steering amount-variable steering system, it is possible
to steer the steered wheels by a large steering amount even
when the amount of operation of the steering wheel by a
driver is small. Thus, for a driver who knows the steering
characteristics of the actual steering amount-variable steering
system well, that is, who is familiar with the steering charac-
teristics thereof, excellent operability is obtained because the
amount of operation of the steering wheel can be reduced.

However, a driver who does not know the steering charac-
teristics of the actual steering amount-variable steering sys-
tem well, that is, who is not familiar with the steering char-
acteristics thereof can feel a sense of discomfort with such
actual steering action of the steered wheels. Specifically, even
a driver with excellent driving skills can feel a sense of dis-
comfort with the steering characteristics, and feel it difficult
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to drive the vehicle until the driver becomes familiar with the
steering characteristics (actual steering action) typical of the
actual steering amount-variable steering system after a switch
from the steering characteristics of the conventional steering
system. Accordingly, it is important for a driver to become
familiar with the steering characteristics typical of the actual
steering amount-variable steering system in order to elimi-
nate the sense of discomfort, and to feel it easy to drive.

However, the period (time) required for a driver to become
familiar with the steering characteristics typical of the actual
steering amount-variable steering system, and the degree of
familiarity with the typical steering characteristics signifi-
cantly vary depending on the difference in the driving back-
ground of the drivers, such as the experience in driving a
vehicle. Specifically, a driver who has excellent driving skills
and is familiar with driving of vehicles is highly likely to soon
become familiar with the steering characteristics typical of
the actual steering amount-variable steering system. On the
other hand, a driver who has less opportunity to drive vehicles
is highly likely to take a long time to become familiar with the
steering characteristics typical of the actual steering amount-
variable steering system. Accordingly, with regard to the
actual steering amount-variable steering system, in consider-
ation of the fact that the familiarity degree differs depending
on the driver driving the vehicle, it is desired that excellent
operability be obtained for all drivers, that is, that driving of
vehicles become easy.

DISCLOSURE OF THE INVENTION

An object of the present invention is to provide a vehicle
steering system that makes driving of a vehicle easy by taking
the degree of driver’s familiarity with the steering character-
istics of the steering system into consideration, and a method
of controlling the vehicle steering system.

A first aspect of the present invention relates to a vehicle
steering system. The vehicle steering system includes: a steer-
ing wheel, operated by a driver, for steering a vehicle; a
reaction force actuator for adjusting reaction force provided
against an operation of the steering wheel; an actual steering
actuator for steering a steered wheel; and a controller that
adjusts magnitude of the reaction force by driving the reaction
force actuator in accordance with an operation of the steering
wheel, and that controls steering of the steered wheel by
driving the actual steering actuator. In the vehicle steering
system, the controller includes: a familiarity degree-deter-
mining section for determining a degree of driver’s familiar-
ity with steering characteristics that reflect relations between
acertain operation of the steering wheel and both of a reaction
force characteristic and an actual steering characteristic of the
steered wheel in response to the certain operation of the
steering wheel; a steering characteristic-changing section for
changing the steering characteristics in accordance with the
determined degree of driver’s familiarity; and an actuator
operation-controlling section for controlling operation of the
reaction force actuator and the actual steering actuator based
on the steering characteristics changed by the steering char-
acteristic-changing section.

In this case, the steering characteristic-changing section
may include at least one of a reaction force characteristic
changing section for making a switch to a reaction force
characteristic that the less familiar with the steering charac-
teristics a driver is, the stronger the reaction force provided
against an operation of the steering wheel is, based on the
familiarity degree determined by the familiarity degree-de-
termining section, and an actual steering characteristic-
changing section for making a switch to an actual steering
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characteristic that the less familiar with the steering charac-
teristics a driver is, the gentler the actual steering action of the
steered wheel is in response to an operation of the steering
wheel, based on the familiarity degree determined by the
familiarity degree-determining section. In this case, the
actual steering characteristic-changing section may make a
switch to an actual steering characteristic that the less familiar
with the steering characteristics a driver is, the smaller a ratio
of an amount of actual steering of the steered wheel to an
amount of operation of the steering wheel becomes, and the
larger a time constant of the actual steering actuator driven in
response to an operation of the steering wheel becomes.

With the above configurations, when the steering system in
which the steered wheels are steered separately from opera-
tion of the steering wheel is operated, it is possible to deter-
mine the degree of driver’s familiarity with the steering char-
acteristics based on physical quantities (the amount of
operation of the steering wheel, and kinetic state quantities of
the vehicle, such as lateral acceleration and yaw rate, for
example) that vary according to the difference in the experi-
ence in operating the steering wheel of the steering system,
more specifically, the difference in the experience in driving
the vehicle on which the steering system is mounted. In addi-
tion, it is possible to change the steering characteristics in
accordance with the determined familiarity degree.

Thus, in the case where a driver is unfamiliar with the
steering characteristics, for example, it is possible to make a
switch to a reaction force characteristic that large reaction
force is applied to impede that the steering handle is operated
by a large amount, and it is also possible to make a switch to
an actual steering characteristic that steered wheels are gently
steered. On the other hand, in the case where a driver is
familiar with the steering characteristics, it is possible to
make a switch to a reaction force characteristic that small
reaction force is applied so that it is possible to turn the
steering wheel with agility, and it is also possible to make a
switch to an actual steering characteristic that steered wheels
are quickly steered. In addition, it is possible to control opera-
tion of the reaction force actuator and the actual steering
actuator based on the changed steering characteristics. Thus,
it is possible to set appropriate steering characteristics in
accordance with the degree of driver’s familiarity with the
steering characteristics, which enables a driver to easily drive
the vehicle.

The familiarity degree-determining section may include:
an operation amount-detecting section for detecting an
amount of operation of the steering wheel by a driver; and a
kinetic state quantity-detecting section for detecting a kinetic
state quantity of the vehicle that varies due to an operation of
the steering wheel, wherein the degree of driver’s familiarity
with the steering characteristics may be determined based on
at least one of the operation amount detected by the operation
amount-detecting section, the kinetic state quantity of the
vehicle detected by the kinetic state quantity-detecting sec-
tion, and a desired kinetic state quantity of the vehicle that is
calculated based on the detected operation amount. In this
case, the kinetic state quantity-detecting section may detect at
least one of lateral acceleration and yaw rate of the vehicle
caused due to an operation of the steering wheel, for example.

The familiarity degree-determining section may determine
the degree of driver’s familiarity based on, for example, the
steering wheel operation amount detected by the operation
amount-detecting section, and a value of a time derivative of
the detected operation amount. The familiarity degree-deter-
mining section may determine the degree of driver’s famil-
iarity based on, for example, the kinetic state quantity of the
vehicle detected by the kinetic state quantity-detecting sec-
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tion, and a value of a time derivative of the detected kinetic
state quantity ofthe vehicle. The familiarity degree-determin-
ing section may determine the degree of driver’s familiarity
based on, for example, a value of a time derivative of the
steering wheel operation amount detected by the operation
amount-detecting section, and a value of a desired lateral
acceleration of the vehicle or a value of a desired yaw rate of
the vehicle, the latter two values being calculated based on the
detected steering wheel operation amount.

The familiarity degree-determining section may determine
the degree of driver’s familiarity based on, for example, a
peak value, in terms of variation with time, of the steering
wheel operation amount detected by the operation amount-
detecting section, and a peak value, in terms of variation with
time, of the time derivative of the operation amount. The
familiarity degree-determining section may determine the
degree of driver’s familiarity based on, for example, a peak
value, in terms of variation with time, of the kinetic state
quantity of the vehicle detected by the kinetic state quantity-
detecting section, and a peak value, in terms of variation with
time, of the time derivative of the kinetic state quantity of the
vehicle. The familiarity degree-determining section may
determine the degree of driver’s familiarity based on, for
example, a peak value, in terms of variation with time, of the
time derivative of the steering wheel operation amount
detected by the operation amount-detecting section, and a
peak value, in terms of variation with time, of the calculated,
desired lateral acceleration or desired yaw rate of the vehicle.

With these configurations, it is possible to use the amount
of operation of the steering wheel and the time derivative
thereof, the lateral acceleration of the vehicle and the time
derivative thereof, and the yaw rate of the vehicle and the time
derivative thereof as the physical quantities that vary accord-
ing to the difference in the experience in operating the steer-
ing wheel. In addition, it is possible to use the amount of
operation of the steering wheel and the time derivative
thereof, the desired lateral acceleration, and the desired yaw
rate as such physical quantities. Thus, it is possible to more
accurately determine the degree of driver’s familiarity with
the steering characteristics. In addition, it is possible to deter-
mine the degree of driver’s familiarity with the steering char-
acteristics, taking the peak value of the amount of operation of
the steering wheel in terms of the variation with time thereof
and the peak value of the time derivative of the operation
amount in terms of the variation with time thereof into con-
sideration, or taking the peak value of the kinetic state quan-
tities of the vehicle in terms of the variation with time thereof
and the peak value of the time derivative of the kinetic state
quantities of the vehicle in terms of the variation with time
thereof into consideration. In this way, it is possible to sig-
nificantly improve the accuracy in determining the degree of
familiarity, and to make a switch to the steering characteris-
tics that are more suited to the driver.

The familiarity degree-determining section may determine
the degree of driver’s familiarity when, for example, a turning
operation of the steering wheel that causes an absolute value
of the operation amount detected by the operation amount-
detecting section to increase is being performed. With this
configuration, the degree of familiarity is determined when a
driver can stably operate the steering wheel, and it is therefore
possible to more accurately determine the degree of familiar-
ity. As a result, it is possible to make a switch to the steering
characteristics that are more suited to the driver.

The familiarity degree-determining section may include:
an operation amount-detecting section for detecting an
amount of operation of the steering wheel by a driver; a
kinetic state quantity-detecting section for detecting a kinetic
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state quantity of the vehicle that varies due to an operation of
the steering wheel; an ignition switch operation state-detect-
ing section for detecting an operational state of an ignition
switch provided in the vehicle; a familiarity degree coeffi-
cient-determining section for determining a familiarity
degree coefficient that indicates the degree of driver’s famil-
iarity, based on at least one of the operation amount detected
by the operation amount-detecting section, the kinetic state
quantity of the vehicle detected by the kinetic state quantity-
detecting section, and a desired kinetic state quantity of the
vehicle that is calculated based on the detected operation
amount; a familiarity degree coefficient-storing section for
storing the familiarity degree coefficient that is determined by
the familiarity degree coefficient-determining section imme-
diately before a shift to an off state of the ignition switch is
detected by the ignition switch operation state-detecting sec-
tion; an off-state time-determining section for, when a shift
from an off state to an on state of the ignition switch is
detected by the ignition switch operation state-detecting sec-
tion, determining off-state time during which the ignition
switch is maintained in the off state; and a familiarity degree
coefficient-correcting section for correcting the familiarity
degree coefficient stored in the familiarity degree coefficient-
storing section, based on the off-state time determined by the
off-state time-determining section. In the vehicle steering
system, the steering characteristic-changing section may
change the steering characteristics based on the degree of
familiarity indicated by the familiarity degree coefficient cor-
rected by the familiarity degree coefficient-correcting sec-
tion.

In this case, for example, the familiarity degree coefficient-
correcting section may correct the familiarity degree coeffi-
cient stored in the familiarity degree coefficient-storing sec-
tion so that the longer the off-state time determined by the
off-state time-determining section is, the less familiarity of a
driver with the steering characteristics that reflect relations
between a certain operation of the steering wheel and both of
a reaction force characteristic and an actual steering charac-
teristic of the steered wheel in response to the certain opera-
tion of the steering wheel the familiarity degree coefficient
indicates.

With these configurations, it is possible to correct the
familiarity degree coefficient in accordance with the interval
between drives of the vehicle by the same driver. With regard
to the correction of the familiarity degree coefficient, it is
possible to correct the familiarity degree coefficient so that
the longer the interval between drives of the vehicle by the
same driver is, the less familiarity the familiarity degree coet-
ficient indicates. Thus, although there is a possibility that,
even in the case where a driver once becomes familiar with the
steering characteristics, the driver again becomes unfamiliar
and feels a sense of discomfort with the steering characteris-
tics if the driver has not driven the vehicle for a long period of
time, for example, it is possible to make a switch to the
steering characteristics according to the current degree of
driver’s familiarity with the steering characteristics by cor-
recting the familiarity degree coefficient based on the period
of time for which the driver has not driven the vehicle. Thus,
even in such a case, a driver can easily drive the vehicle.

The controller may further include: a driver-identifying
section for identifying a driver who drives the vehicle; a
driver-dependent familiarity degree coefficient-storing sec-
tion for storing the degree of familiarity determined by the
familiarity degree-determining section for each driver who is
identified by the driver-identifying section; and a familiarity
degree-setting section for performing initial setting of the
degree of familiarity of each driver identified by the driver-
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identifying section, using the degree of familiarity stored in
the driver-dependent familiarity degree coefficient-storing
section.

In this case, the controller may further include: an ignition
switch operation state-detecting section for detecting an
operational state of an ignition switch provided in the vehicle;
an off-state time-determining section for, when a shift from
an off state to an on state of the ignition switch is detected by
the ignition switch operation state-detecting section in
response to an operation by a driver identified by the driver-
identifying section, determining off-state time during which
the ignition switch is maintained in the off state; and a driver-
dependent familiarity degree correction section for correcting
the familiarity degree, of which initial setting has been per-
formed by the familiarity degree-setting section, so that the
longer the off-state time determined by the off-state time-
determining section is, the less familiarity of a driver with the
steering characteristics that reflect relations between a certain
operation of the steering wheel and both of a reaction force
characteristic and an actual steering characteristic of the
steered wheel in response to the certain operation of the
steering wheel the familiarity degree indicates.

With these configurations, it is possible to store the degree
of familiarity for each driver who drives the vehicle, and it is
therefore possible to set the degree of familiarity that is suited
to a driver, with the use of the stored degree of familiarity
when the next driving is started. In addition, it is also possible
to correct the stored degree of familiarity in accordance with
the interval between drives of the vehicle by a driver. Thus, it
is possible to make a switch to the optimal steering charac-
teristics based on the degree of familiarity of drivers, so that
a driver can more easily drive the vehicle.

The controller may further include: an emergency avoid-
ance operation state-determining section for determining
whether an emergency avoidance operation of the steering
wheel is being performed by a driver; and an emergency
avoidance operation-time familiarity degree-correcting sec-
tion for, when it is determined by the emergency avoidance
operation state-determining section that the emergency
avoidance operation of the steering wheel is being performed
by a driver, correcting the familiarity degree determined by
the familiarity degree-determining section so that the famil-
iarity degree indicates that a driver is sufficiently familiar
with the steering characteristics.

The emergency avoidance operation state-determining
section may determine whether an emergency avoidance
operation is being performed, based on an amount of opera-
tion of the steering wheel, a value of a time derivative of the
operation amount, and a speed of the vehicle.

With this configuration, when an emergency avoidance
operation of the steering wheel is being performed in order to
avoid a collision between the vehicle and a collision obstacle,
the degree of driver’s familiarity with the steering character-
istics is temporarily corrected so that the degree of familiarity
indicates that the driver is sufficiently familiar with the steer-
ing characteristics. Thus, it is possible to enhance the turning
performance of the vehicle at the time of an emergency avoid-
ance by making a switch to a reaction force characteristic that
small reaction force is applied so that it is possible to operate
the steering wheel by a large amount, or by making a switch
to an actual steering characteristic that the steered wheels are
quickly turned in response to a turning operation of the steer-
ing wheel. Accordingly, a driver can very easily drive the
vehicle under emergency avoidance conditions.

A second aspect of the present invention relates to amethod
of controlling a vehicle steering system, and more specifi-
cally, to a method of controlling a vehicle steering system that



US 8,175,772 B2

7

includes: a steering wheel, operated by a driver, for steering a
vehicle; a reaction force actuator for adjusting reaction force
provided against an operation of the steering wheel; an actual
steering actuator for steering a steered wheel; and a controller
that adjusts magnitude of the reaction force by driving the
reaction force actuator in accordance with an operation of the
steering wheel, and that controls steering of the steered wheel
by driving the actual steering actuator. The control method
includes the steps of: determining a degree of driver’s famil-
iarity with steering characteristics that reflect relations
between a certain operation of the steering wheel and both of
a reaction force characteristic and an actual steering charac-
teristic of the steered wheel in response to the certain opera-
tion of the steering wheel; changing the steering characteris-
tics in accordance with the determined degree of driver’s
familiarity; and controlling operation of the reaction force
actuator and the actual steering actuator based on the changed
steering characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and further objects, features and advantages
of the invention will become apparent from the following
description of embodiments with reference to the accompa-
nying drawings, wherein like numerals are used to represent
like elements and wherein:

FIG. 1 is a schematic diagram of a vehicle steering system
that is common to first to fourth embodiments of the present
invention;

FIG. 2 is a flow chart illustrating a steering characteristic-
changing program, which is executed by an electronic control
unit shown in FIG. 1, according to the first embodiment of the
present invention;

FIG. 3 is a graph showing a relation between a familiarity
degree coefficient and a corrected familiarity degree coeffi-
cient;

FIG. 4 is a graph showing a relation between a vehicle
speed and a vehicle speed coefficient;

FIG. 5 is a graph showing a relation between the familiarity
degree coefficient and an actual steering amount correction
coefficient;

FIG. 6 is a graph showing a relation between the corrected
familiarity degree coefficient and a time constant;

FIG. 7 is a graph showing a relation between a steering
operation angle and a spring-term torque;

FIG. 8 is a graph showing a relation between a steering
operation angular velocity and a friction-term torque;

FIG. 9 is a graph showing a relation between the steering
operation angular velocity and a viscosity-term torque;

FIG. 10 is a graph showing arelation between the corrected
familiarity degree coefficient and a correction coefficient for
correcting the spring-term torque;

FIG. 11 is a graph showing a relation between the corrected
familiarity degree coefficient and a correction coefficient for
correcting the friction-term torque;

FIG. 12 is a graph showing a relation between the corrected
familiarity degree coefficient and a correction coefficient for
correcting the viscosity-term torque;

FIG. 13 is a flow chart illustrating a steering characteristic-
changing program, which is executed by the electronic con-
trol unit show in FIG. 1, according to the second embodiment
of the present invention;

FIG. 14 is a flow chart illustrating a familiarity degree
coefficient-determining routine of the steering characteristic-
changing program shown in FIG. 13;

FIG. 15 is a graph showing a relation between off-state
time and a time coefficient;
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FIG. 16 is a diagram for explaining the familiarity degree
coefficient that varies according to the operational state of an
ignition switch;

FIG. 17 is a flow chart illustrating a familiarity degree
coefficient-determining routine, which is executed by the
electronic control unit shown in FI1G. 1, according to the third
embodiment of the present invention;

FIG. 18 is a schematic graph showing a region determina-
tion map;

FIG. 19 is a diagram for explaining a delay between a
detected yaw rate and a yaw rate differentiation value, related
to a modification of the third embodiment of the present
invention;

FIG. 20 is a flow chart illustrating a familiarity degree
coefficient-determining routine, which is executed by the
electronic control unit shown in FIG. 1, according to the
modification of the third embodiment of the present inven-
tion;

FIG. 21 is a flow chart illustrating the steering character-
istic-changing program, which is executed by the electronic
control unit shown in FIG. 1, according to the fourth embodi-
ment of the present invention; and

FIG. 22 is a flow chart illustrating an emergency avoidance
operation-managing routine of the steering characteristic-
changing program shown in FIG. 21.

DETAILED DESCRIPTION OF EMBODIMENTS

First Embodiment

A vehicle steering system according to an embodiment of
the present invention will be described below with reference
to the drawings. FIG. 1 schematically shows the vehicle steer-
ing system, in which a common steering-by-wire system is
used, according to first to fourth embodiments.

The steering system includes a steering wheel 11, which is
turned by a driver, for steering right and left front wheels FW1
and FW2 as steered wheels. The steering wheel 11 is fixed to
the upper end of a steering operation input shaft 12, and the
lower end of'the steering operation input shaft 12 is connected
to areaction force actuator 13 including an electric motor and
a speed reducer. The reaction force actuator 13 provides a
reaction force against a turning operation of the steering
wheel 11 by the driver.

The steering system includes an actual steering actuator 21
having an electric motor and a speed reducer. The steering
force produced by the actual steering actuator 21 is transmit-
ted to the right and left front wheels FW1 and FW2 through an
actual steering output shaft 22, a pinion gear 23, and arack bar
24. With this configuration, the rotational force provided by
the actual steering actuator 21 is transmitted to the pinion gear
23 through the actual steering output shaft 22, rotation of the
pinion 23 causes the rack bar 24 to be displaced in the longi-
tudinal direction, and this displacement of the rack bar 24 in
the longitudinal direction causes the right and left front
wheels FW1 and FW2 to be steered to right and left.

Next, an electric controller for controlling operation of the
reaction force actuator 13 and the actual steering actuator 21
will be described. The electric controller includes a steering
operation angle sensor 31, an actual steering angle sensor 32,
avehicle speed sensor 33, a lateral acceleration sensor 34, and
a yaw rate sensor 35.

The steering operation angle sensor 31, which is installed
on the steering operation input shaft 12, detects the rotation
angle of the steering wheel 11 relative to the neutral position
thereof, and outputs the angle as a steering operation angle 6.
The actual steering angle sensor 32, which is installed on the
actual steering output shaft 22, detects the rotation angle of
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the actual steering output shaft 22 relative to the neutral
position thereof, and outputs the angle as an actual steering
angle d (corresponding to the actual steering angle of the right
and left front wheels FW1 and FW2). In this specification, the
neutral position refers to the operational position of the steer-
ing wheel 11, the steering operation input shaft 12, the actual
steering-output shaft 22, and the right and left front wheels
FW1 and FW2, where the vehicle is kept moving straight
ahead. With regard to the steering operation angle 6 and the
actual steering angle 9, these angles are zero at the neutral
position, counterclockwise rotation angles are represented by
positive values, and clockwise rotation angles are represented
by negative values.

The vehicle speed sensor 33 detects and outputs a vehicle
speed V. The lateral acceleration sensor 34 detects and out-
puts an actual lateral acceleration G of the vehicle. The yaw
rate sensor 35 detects and outputs an actual yaw rate y of the
vehicle. It should be noted that the actual lateral acceleration
G and the actual yaw rate y are also represented by positive
values in the case of leftward acceleration and yaw rates, and
by negative values in the case of rightward acceleration and
yaw rates.

These sensors 31 to 35 are connected to an electronic
control unit 36. The electronic control unit 36, which
includes, as a main component, a microcomputer having a
CPU, an EEPROM, a RAM, and a timer, controls operation of
the reaction force actuator 13 and the actual steering actuator
21 by executing various programs that include a program
described later. Connected to the output side of the electronic
control unit 36 are drive circuits 37 and 38 for driving the
reaction force actuator 13 and the actual steering actuator 21.
Provided in the drive circuits 37 and 38 are electric current
detectors 37a and 38a for detecting the values of the driving
electric current flowing through the electric motors in the
reaction force actuator 13 and the actual steering actuator 21.
The driving electric current values detected by the electric
current detectors 37a and 38a are fed back to the electronic
control unit 36 to control drive of these electric motors.

Next, operation of the steering-by-wire steering system
configured as described above, more specifically, operation of
the steering system in which the actual steering output shaft
22 can rotate relative to the steering operation input shaft 12,
will be described. In general, when a driver who has a long
experience in operating the normal steering system in which
there is no relative rotation between the steering operation
input shaft and the actual steering output shaft operates the
steering-by-wire steering system, it is necessary forthe driver
to become familiar with the difference in steering character-
istics that reflect relations between operation of the steering
wheel, and both of the reaction force characteristic and the
actual steering characteristic. The degree (hereinafter
referred to as the degree of familiarity) to which a driver
becomes familiar with the difference in the steering charac-
teristics is different depending on the driver.

Thus, the electronic control unit 36 executes the steering
characteristic-changing program shown in FIG. 2 to appro-
priately change the steering characteristics of the steering-by-
wire system, taking the degree of familiarity of the driver into
consideration. The steering characteristic-changing program
will be specifically described below.

When an ignition switch (not shown) is turned on, the
electronic control unit 36 repeatedly executes the steering
characteristic-changing program every predetermined period
of time. Specifically, the electronic control unit 36 starts to
execute the steering characteristic-changing program in step
S10, and receives values detected by the sensors 31 to 35 in
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step S11. After receiving the detection values, the electronic
control unit 36 proceeds to step S12.

In step S12, the electronic control unit 36 estimates and
determines a familiarity degree coefficient Nk_ 0 indicating
the in-vehicle driver’s degree of familiarity with the steering
characteristics of the steering-by-wire system. The familiar-
ity degree coefficient Nk_ 0 is a variable that varies from “0”
to “1”. The less familiar with the steering characteristics the
in-vehicle driver is, the closer to “0” the value of the famil-
iarity degree coefficient Nk_ 0 is set. The more familiar with
the steering characteristics the driver is, the closer to “1” the
value of the familiarity degree coefficient Nk_ 0 is set.

The electronic control unit 36 estimates and determines the
familiarity degree coefficient Nk 0 based on all of'the physi-
cal quantities mainly relating to the driving experience of the
driver, such as: the mileage over which and the drive time
during which a driver drives the vehicle while operating the
steering-by-wire steering system; the number of corrective
turning operations of the steering wheel 11 at the time of
turning the vehicle; and the amount of change in behavior of
the vehicle as a result of a turning operation of the steering
wheel 11. For this purpose, the present inventor has con-
ducted experiments with respect to various people different in
sex, age, the driving record, etc. to obtain the relations
between the familiarity degree coefficient Nk 0, and the
mileage, the driving experience, the corrective turning opera-
tion number, and the behavior change amount, in order to
more accurately estimate and determine the familiarity
degree coefficient Nk_ 0 of the in-vehicle driver. As a result,
it has been found that a driver has less familiarity with the
steering characteristics when the mileage over which and the
drive time during which the driver drives the vehicle equipped
with the steering-by-wire steering system are shorter, when
the number of corrective turning operations of the steering
wheel 11 at the time of turning the vehicle is larger, or when
the amount of change in behavior of the vehicle is greater.

Accordingly, the electronic control unit 36 estimates and
determines the familiarity degree coefficient Nk_ 0 based on,
for example, the current mileage and drive time of the vehicle,
the number of corrective turning operations of the steering
wheel 11 at the time of turning the vehicle, and the amount of
change in the actual lateral acceleration G and the actual yaw
rate y that are received from the lateral acceleration sensor 34
and the yaw rate sensor 35, respectively, in step S11. The
electronic control unit 36 determines the familiarity degree
coefficient Nk_ 0 in step S12 and proceeds to step S13.

In step S13, the electronic control unit 36 determines
whether the absolute value of the detected steering angle 0
received from the steering operation angle sensor 31 in step
S11 is decreasing, that is, whether a returning operation of the
steering wheel 11 is being performed. Specifically, when the
absolute value of the detected steering angle 6 is decreasing,
the electronic control unit 36 makes an affirmative determi-
nation (Yes) and proceeds to step S14.

In step S14, the electronic control unit 36 corrects the
familiarity degree coefficient Nk 0 determinedinstep S12in
consonance with the situation where a returning operation of
the steering wheel 11 is being performed. Specifically, when
the actual steering output shaft 22 can rotate relative to the
steering operation input shaft 12, such as in the case of the
steering-by-wire steering system, it is possible to appropri-
ately change the ratio between the amount of rotation of the
steering operation input shaft 12 and the amount of rotation of
the actual steering output shaft 22 (the gear ratio, for
example). Thus, it is made possible to easily turn the vehicle,
or stabilize the turning behavior thereof by changing the
amount of actual steering of the right and left front wheels
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FW1 and FW2 with respect to the amount of turning the
steering wheel 11. However, with regard to such actual steer-
ing characteristic, there is a case where the actual steering
action of the right and left front wheels FW1 and FW2
becomes fast particularly when a returning operation of the
steering wheel 11 is performed, which can make a driver who
is familiar with the steering characteristics of a steering-by-
wire system feel a sense of discomfort with the actual steering
action of the right and left front wheels FW1 and FW2.

Thus, when a returning operation of the steering wheel 11
is being performed, the electronic control unit 36 sets a cor-
rected familiarity degree coefficient Nk__1 that is obtained by
correcting the familiarity degree coefficient Nk_ O deter-
mined in step S12 to a lower value as shown in FIG. 3. After
setting the corrected familiarity degree coefficient Nk_ 1, the
electronic control unit 36 proceeds to step S16.

On the other hand, when the absolute value of the detected
steering angle 0 is increasing, that is, when a turning opera-
tion of the steering wheel 11 is being performed, the elec-
tronic control unit 36 makes a negative determination (No) in
step S13 and proceeds to step S15. In step S15, in order to
adapt the familiarity degree coefficient Nk_ Oto the use in the
following steps, the electronic control unit 36 defines the
familiarity degree coefficient Nk_ 0 determined in step S12
as the corrected familiarity degree coefficient Nk_ 1. After
determining the corrected familiarity degree coefficient
Nk__1 used in the turning operation state, the electronic con-
trol unit 36 proceeds to step S16.

In step S16, in order to steer the right and left front wheels
FW1 and FW2 according to the familiarity degree coefficient
Nk_ 0 determined in step S12, the electronic control unit 36
calculates, based on the following expression 1, a desired
actual steering angle dd that varies power-functionally, for
example.

dd=(1/Kg)-a-®f (Expression 1)

In the expression 1, a is a vehicle speed coefficient that varies
according to a detected vehicle speed V received from the
vehicle speed sensor 33 in step S11. As shown in FIG. 4, the
vehicle speed coefficient has a characteristic that the vehicle
speed coefficient is greater than “1” in the region in which the
detected vehicle speed V is low, it is less than “1” in the region
in which the detected vehicle speed V is high, and it nonlin-
early decreases across the value “1” as the detected vehicle
speed V increases. The ratio of the amount of rotation of the
actual steering output shaft 22 to the amount of rotation of the
steering operation input shaft 12, such as a transmission ratio
or a gear ratio, may be used as the vehicle speed coefficient a.

In addition, 6 in the expression 1 is the absolute value of the
detected steering operation angle 0 received from the steering
operation angle sensor 31 in step S11. When the detected
steering operation angle 0 has a positive value, the vehicle
speed coefficient a is set to a positive value. When the detected
steering operation angle 0 has a negative value, the vehicle
speed coefficient a is set to a negative value whose absolute
value is equal to the positive value of a. Moreover, I in the
expression 1 is a constant representing the exponent, and is set
to a value greater than “1”.

Furthermore, Kg in the expression 1 is an actual steering
amount correction coefficient that varies according to the
familiarity degree coefficient Nk 0 determined in step S12.
As shown in FIG. 5, the actual steering amount correction
coefficient Kg has a characteristic that: the smaller the famil-
iarity degree coefficient Nk_ 0 is, thatis, the less familiar with
the steering characteristics a driver is, the larger the actual
steering amount correction coefficient Kg becomes up to a
large value Kg0; and the larger the familiarity degree coeffi-
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cient Nk_ O is, that is, the more familiar with the steering
characteristics the driver is, the smaller the actual steering
amount correction coefficient Kg becomes (up to “1”, for
example). When the actual steering amount correction coef-
ficient Kg varies according to the familiarity degree coeffi-
cient Nk_ 0, it is made possible to steer the right and left front
wheels FW1 and FW2 in accordance with the driver’s famil-
iarity with the steering characteristics of the steering-by-wire
system.

Specifically, in the case of a driver who is unfamiliar with
the steering characteristics of the steering-by-wire system,
that is, when the familiarity degree coefficient Nk_ 0 is set to
a value near “0”, the actual steering amount correction coef-
ficient Kg is set to a large value. Thus, the result of calculation
of'the value of the desired actual steering angle dd that power-
functionally varies as the driver turns the steering wheel 11,
more specifically, varies with the variation in the detected
steering operation angle 8, becomes relatively small, and as a
result, it is possible to gently steer the right and left front
wheels FW1 and FW2. Accordingly, even a driver who is
unfamiliar with the steering characteristics of the steering-
by-wire system can easily turn the vehicle.

On the other hand, in the case of a driver who is familiar
with the steering characteristics of the steering-by-wire sys-
tem, that is, when the familiarity degree coefficient Nk_ 0 is
set to a value near “1”, the actual steering amount correction
coefficient Kg is set to a small value. Thus, the result of
calculation of the value of the desired actual steering angle dd
that power-functionally varies becomes relatively small, and
as aresult, it is possible to quickly steer the right and left front
wheels FW1 and FW2. Accordingly, a driver who is familiar
with the steering characteristics of the steering-by-wire sys-
tem can, for example, easily turn the vehicle with a small
amount of turning operation of the steering wheel 11 when the
speed is low. After calculating the desired actual steering
angle dd, the electronic control unit 36 proceeds to step S17.

In step S17, the electronic control unit 36 changes the
response of the actual steering action of the right and left front
wheels FW1 and FW2 to a turning operation of the steering
wheel 11 by a driver, according to the value of the corrected
familiarity degree coefficient Nk 1 determined in step S14
or S15. Specifically, the electronic control unit 36 changes a
time constant T of a soft filter, or variable time constant filter,
provided in the drive circuit 38, according to the value of the
corrected familiarity degree coefficient Nk_ 1. As shown in
FIG. 6, the time constant T has a characteristic that the time
constant T increases up to a large value t0 as the value of the
corrected familiarity degree coefficient Nk_ 1 decreases, and
it decreases as the value of the corrected familiarity degree
coefficient Nk_ 1 increases.

Specifically, when the corrected familiarity degree coeffi-
cient Nk__1 is small, in other words, when a driver is unfa-
miliar with the steering characteristics of the steering-by-wire
system, the electronic control unit 36 sets the time constant ©
to a large value. Thus, it is possible to slightly delay the time
at which the actual steering actuator 21 (more specifically, a
motor) starts to operate, of which drive is controlled accord-
ing to the turning operation of the steering wheel 11 by a
driver, and it is therefore possible to slow down the response
of the actual steering action of the right and left front wheels
FW1 and FW2. In this way, even when a driver who is unfa-
miliar with the steering characteristics of the steering-by-wire
system turns the steering wheel 11 relatively rapidly, the right
and left front wheels FW1 and FW2 are prevented from being
rapidly steered, and it is therefore possible to suitably reduce
fluctuations in the behavior of the vehicle due to the turning
operation of the steering wheel 11 by a driver.
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On the other hand, when the corrected familiarity degree
coefficient Nk 1 is large, in other words, when a driver is
familiar with the steering characteristics of the steering-by-
wire system, the electronic control unit 36 sets the time con-
stant T to a small value. Thus, it is possible to advance the time
atwhich the actual steering actuator 21 (more specifically, the
electric motor) starts to operate in response to a turning opera-
tion of the steering wheel 11 by a driver, and it is therefore
possible to quicken the response of the actual steering action
of' the right and left front wheels FW1 and FW2. In this way,
adriver who is familiar with the steering characteristics of the
steering-by-wire system is enabled to cause the vehicle to
quickly turn according to the driver’s turning operation of the
steering wheel 11. After setting the time constant T in this
way, the electronic control unit 36 proceeds to step S18.

In step S18, the electronic control unit 36 calculates, in
accordance with the following expression 2, a desired reac-
tion torque Tz that is provided against a turning operation of
the steering wheel 11 by a driver according to the value of the
corrected familiarity degree coefficient Nk 1 determined in
step S14 or S15.

Tz=Ks Ts+Kf- Tf+Kr-T¥ (Expression 2)

In the expression 2, Ts represents spring-term torque that
varies according to the value of the detected steering opera-
tion angle 0 received from the steering operation angle sensor
31 in step S11, Tf represents friction-term torque that varies
according to the value of the time derivative value d6/dt
(hereinafter, the derivative value is referred to as the steering
operation angular velocity df/dt) of the detected steering
operation angle 0, and Tr represents viscosity-term torque
that varies according to the value of the steering operation
angular velocity do/dt.

The spring-term torque Ts, the friction-term torque Tf, and
the viscosity-term torque Tr will now be briefly described.
The spring-term torque Ts is proportional to the detected
steering operation angle 0, and the electronic control unit 36
calculates the spring-term torque Ts corresponding to a
detected steering operation angle 0, using a conversion table
having a characteristic as shown in FIG. 7. The friction-term
torque Tf depends on the value of the steering operation
angular velocity d6/dt, and has a hysteresis characteristic, and
the electronic control unit 36 calculates the friction-term
torque Tf corresponding to a steering operation angular
velocity d6/dt, using a conversion table having a characteris-
tic as shown in FIG. 8. The viscosity-term torque Tr is pro-
portional to the steering operation angular velocity d6/dt, and
the electronic control unit 36 calculates the viscosity-term
torque Tr corresponding to a steering operation angular
velocity d6/dt, using a conversion table having a characteris-
tic as shown in FIG. 9.

The coefficients Ks, Kf, and Kr in the expression 2 are
correction coefficients that vary according to the corrected
familiarity degree coefficient Nk 1 determined in step S14
or S15. More specifically, the correction coefficient Ks is a
correction coefficient for correcting the spring-term torque
Ts, and, as shown in FIG. 10, has a characteristic that the
correction coefficient Ks increases up to a large value Ks0 as
the corrected familiarity degree coefficient Nk_ 1 decreases,
and it decreases as the corrected familiarity degree coefficient
Nk 1 increases. The correction coefficient Kf'is a correction
coefficient for correcting the friction-term torque TT, and, as
shown in FIG. 11, has a characteristic that the correction
coefficient Kf increases up to a large value Kf0 as the cor-
rected familiarity degree coefficient Nk 1 decreases, and it
decreases as the corrected familiarity degree coefficient
Nk__1 increases. The correction coefficient Kr is a correction
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coefficient for correcting the viscosity-term torque Tr, and, as
shown in FIG. 12, has a characteristic that the correction
coefficient Kr increases up to a large value Kr0 as the cor-
rected familiarity degree coefficient Nk 1 decreases, and it
decreases as the corrected familiarity degree coefficient
Nk__1 increases.

The electronic control unit 36 then calculates the desired
reaction torque Tz corresponding to a corrected familiarity
degree coefficient Nk_ 1 determined in step S14 or S15.
Specifically, when the corrected familiarity degree coefficient
Nk_ 1 is small, the electronic control unit 36 sets the correc-
tion coefficients Ks, Kf, and Kr to large values to increase the
desired reaction torque Tz that is calculated in accordance
with the expression 2. Thus, it is possible to impede that the
steering wheel 11 is operated by a large amount by a driver
who is unfamiliar with the steering characteristics of the
steering-by-wire system. On the other hand, when the cor-
rected familiarity degree coefficient Nk_ 1 is large, the elec-
tronic control unit 36 sets the correction coefficients Ks, Kf,
and Krto small values to reduce the desired reaction torque Tz
that is calculated in accordance with the expression 2. Thus, a
driver who is familiar with the steering characteristics of the
steering-by-wire system is enabled to turn the steering wheel
11 with agility. After calculating the desired reaction torque
Tz corresponding to a corrected familiarity degree coefficient
Nk__1, the electronic control unit 36 proceeds to step S19.

In step S19, the electronic control unit 36 controls opera-
tion of the reaction force actuator 13 and the actual steering
actuator 21, based on the desired actual steering angle dd
calculated in step S16, the time constant T set in step S17, and
the desired reaction torque Tz calculated in step S18. First, the
reaction force control will be specifically described below.

The electronic control unit 36 receives the value of the
driving electric current flowing through the electric motor in
the reaction force actuator 13 from the electric current detec-
tor 37a provided in the drive circuit 37, and controls the drive
circuit 37 in a feedback manner so that the driving electric
current corresponding to a desired reaction torque Tz flows
through the electric motor. The control of driving of the
electric motor in the reaction force actuator 13 causes the
electric motor to apply a reaction force corresponding to the
desired reaction torque Tz to the steering wheel 11 via the
steering operation input shaft 12.

Next, the actual steering control will be specifically
described. The electronic control unit 36 receives the actual
steering angle d detected by the actual steering angle sensor
32, and performs feedback control of rotation of the electric
motor in the actual steering actuator 21 so that the actual
steering output shaft 22 rotates to the desired actual steering
angle dd calculated in step S16. At this time, the electronic
control unit 36 receives the value of the driving electric cur-
rent flowing through the electric motor in the actual steering
actuator 21 from the electric current detector 38a provided in
the drive circuit 38, and controls the drive circuit 38 in a
feedback manner so that the driving electric current corre-
sponding to the actual steering force appropriately flows
through the electric motor.

The electronic control unit 36 controls the drive circuit 38
so that the electric motor in the actual steering actuator 21
produces driving force based on the time constant t of the soft
filter, or variable time constant filter, provided in the drive
circuit 38, which time constant T has been set in step S17.
Thus, the pinion gear 23 integrated with the actual steering
output shaft 22 rotates, and the rotation of the pinion gear 23
in turn causes the rack bar 24 to be displaced in the longitu-
dinal direction. Then, the displacement of the rack bar 24 in
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the longitudinal direction causes the right and left front
wheels FW1 and FW2 to be steered according to the desired
actual steering angle dd.

In this way, control of operation of the reaction force actua-
tor 13 and the actual steering actuator 21 by the electronic
control unit 36 makes it possible for the reaction force actua-
tor 13 to provide an appropriate reaction force against a
turning operation of the steering wheel 11 by a driver, accord-
ing to the corrected familiarity degree coefficient Nk 1 (the
familiarity degree coefficient Nk_ 0). In addition, it is made
possible for the actual steering actuator 21 to appropriately
steer the right and left front wheels FW1 and FW2 according
to the familiarity degree coefficient Nk_ 0. Thus, when the
vehicle equipped with the steering system in which the steer-
ing-by-wire system is used, in other words, equipped with the
steering system in which the steering operation input shaft 12
and the actual steering output shaft 22 can rotate relative to
each other is driven, itis possible to provide the optimal actual
steering characteristic and reaction force characteristic
according to the driver’s degree of familiarity with the steer-
ing characteristics, which enables a driver to very easily drive
the vehicle without feeling a sense of discomfort accompa-
nying a change of vehicles.

After controlling operation of the reaction force actuator
13 and the actual steering actuator 21 in step S19, the elec-
tronic control unit 36 proceeds to step S20. At step S20, the
electronic control unit 36 temporarily ends the execution of
the steering characteristic-changing program. After a prede-
termined short time period has elapsed, the electronic control
unit 36 again starts to execute the steering characteristic-
changing program at step S10 to cause the reaction force
actuator 13 and the actual steering actuator 21 to operate
according to the familiarity degree coefficient Nk 0 (cor-
rected familiarity degree coefficient Nk_ 1).

As will be understood from the above description, accord-
ing to the first embodiment, when a steering-by-wire steering
system is operated, the familiarity degree coefficient Nk_ 0
indicating the degree of driver’s familiarity with the steering
characteristics can be determined based on the number of
corrective turning operations of the steering wheel 11, the
amount of change in the lateral acceleration G and the yaw
rate v, etc., which are physical quantities that vary according
to the difference in the experience in operating the steering
wheel 11, more specifically, the difference in the driving
experience, such as the mileage over which and the drive time
during which the driver drives a vehicle equipped with this
steering system. In the case where a driver is unfamiliar with
the steering characteristics, it is possible to make a switch to
a reaction force characteristic that large reaction torque Tz is
applied to impede that the steering handle 11 is operated by a
large amount, and it is also possible to make a switch to an
actual steering characteristic that the right and left front
wheels FW1 and FW2 are gently steered. In addition, it is
possible to control operation of the reaction force actuator 13
and the actual steering actuator 21 based on the changed
steering characteristics. Thus, it is possible to set appropriate
steering characteristics in accordance with the driver’s famil-
iarity with the steering characteristics, which enables a driver
to easily drive the vehicle.

Second Embodiment

Next, a second embodiment will be described, in which the
actual steering characteristic and the reaction force charac-
teristic, that is, the steering characteristics of the steering-by-
wire system are optimally changed, taking the degree of
familiarity with the steering characteristics that varies
depending on the driver driving the vehicle into consider-
ation. In the above first embodiment, the familiarity degree
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coefficient Nk O indicating a general degree of driver’s
familiarity with the steering characteristics of the steering-
by-wire system is estimated and determined, and the actual
steering characteristic and the reaction force characteristic
are changed based on the familiarity degree coefficient
Nk_ 0. However, because the occasions to drive a vehicle
vary depending on the driver, there is a possibility that, even
when the value of the familiarity degree coefficient Nk 0
becomes large when a driver is temporarily familiar with the
steering characteristics, if the interval before the next driving
of'the vehicle is long, the familiarity degree coefficient Nk 0
again becomes small, that is, the driver becomes unfamiliar
with the steering characteristics. For this reason, in the second
embodiment, the familiarity degree coefficient Nk O is
determined according to the status of each individual driver.
In the description of the second embodiment, the same part as
that of the first embodiment is designated by the same refer-
ence numeral, and detailed description thereof will be omit-
ted.

In the second embodiment, the electronic control unit 36
executes a steering characteristic-changing program shown in
FIG. 13. In the steering characteristic-changing program of
the second embodiment, steps S30, S32, S33, and S34 are
added to the steering characteristic-changing program
described in connection with the first embodiment, and step
S12 is changed to step S31. Specifically, when the ignition
switch (not shown) is turned on, the electronic control unit 36
starts to execute the steering characteristic-changing program
according to the second embodiment from step S10 repeat-
edly every predetermined short time. In step S30, the elec-
tronic control unit 36 identifies a driver who is driving the
vehicle.

Specifically, in order to identify the in-vehicle driver, the
electronic controlunit 36 receives, via a receiver (not shown),
information with which it is possible to identify a driver, such
as an identification radio signal sent from a cellular phone
carried by the driver, an identification radio signal sent from
a smart key carried by the driver, or an identification radio
signal sent from an ignition key assigned to the driver. In order
to determine whether there has been a change in drivers by the
time of turning on the ignition switch, the electronic control
unit 36 receives the vehicle speed V detected by the vehicle
speed sensor 33, vehicle height information indicating the
height of the vehicle detected via vehicle height sensors
mounted on the suspension devices of the vehicle (not
shown), occupancy information output from an occupancy
detection sensor installed in a seat (not shown), open/close
information output from an open/close detection sensor
installed in a door (not shown), etc.

When it is determined that there has been a change in
drivers, the electronic control unit 36 then compares driver
identification information represented by the received iden-
tification radio signal with, for example, driver registration
information that has been recorded in the EEPROM in
advance, for example. Based on this comparison, the elec-
tronic control unit 36 identifies the driver who is driving the
vehicle. Needless to say, the present invention may be imple-
mented so that, only when it is determined that there has been
a change in drivers based on the detected vehicle speed V, the
vehicle height information, the occupancy information, or the
open/close information, the electronic control unit 36 identi-
fies a driver by performing step S30 when the ignition switch
is turned off. After the driver is identified, the electronic
control unit 36 receives a detection value supplied from each
sensor by the performing step S11 as in the case of the first
embodiment, and proceeds to step S31.
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In step S31, the electronic control unit 36 executes a famil-
iarity degree coefficient-determining routine for determining
the familiarity degree coefficient Nk_ 0 of the driver identi-
fied in step S30. The familiarity degree coefficient-determin-
ing routine will be specifically described below.

As shown in FIG. 14, execution of the familiarity degree
coefficient-determining routine is started at step S50, and, in
step S51, the electronic control unit 36 determines whether
the current execution of the familiarity degree coefficient-
determining routine is the first execution after the ignition
switch is turned on. Specifically, when the execution of the
familiarity degree coefficient-determining routine is the first
execution, the electronic control unit 36 makes an affirmative
determination (YES), and proceeds to step S52. On the other
hand, when the current execution of the familiarity degree
coefficient-determining routine is the second or later execu-
tion, the electronic control unit 36 makes a negative determi-
nation (NO), and proceeds to step S55 described later.

In step S52, the electronic control unit 36 reads out a stored
value of the familiarity degree coefficient Nk 0 that was
stored at a predetermined location in the EEPROM, for
example, (hereinafter the stored value is referred to as the
familiarity degree coefficient storage value Nk_Igoff) when
the ignition switch was turned off last time, in relation to the
driver identified in step S30 of the steering characteristic-
changing program. When the familiarity degree coefficient
storage value Nk_Igoffis stored, the electronic control unit 36
also stores time information indicating the time of storage.
Storage of the familiarity degree coefficient storage value
Nk_Igoff into the EEPROM will be described in detail later.
After reading out the familiarity degree coefficient storage
value Nk_Igoft in this way, the electronic control unit 36
proceeds to step S53.

In step S53, the electronic control unit 36 calculates the
elapsed time (hereinafter the elapsed time is referred to as the
off-state time T_Igoff) between when the ignition switch was
turned off last time and when the ignition switch is turned on
this time by the driver identified in step S30. Specifically, the
electronic control unit 36 compares ignition switch-turned off
time point that is indicated by the time information stored
along with the familiarity degree coefficient storage value
Nk_Igoffread out in step S52, and ignition switch-turned on
time point at which the ignition switch is turned on. Thereaf-
ter, the electronic control unit 36 calculates the off-state time
T_Igoft that is the time period between when the ignition
switch was turned off last time and when the ignition switch
is turned on this time, based on the difference between the
ignition switch-turned off time and the ignition switch-turned
on time. After calculating the off-state time T_Igoff in this
way, the electronic control unit 36 proceeds to step S54.

In step S54, the electronic control unit 36 calculates the
initial value (hereinafter, the initial value is referred to as the
familiarity degree-initial value coefficient Nk_Igon) of the
familiarity degree coefficient at the time when the ignition
switch is turned on this time, in accordance with the following
expression 3.

Nk__Igon=Nk_Igoff-K time (Expression 3)

In the expression 3, the coefficient K_time is a time coeffi-
cient that varies according to the off-state time T_Igoff. The
coefficient K_time has a characteristic that the coefficient
K_time nonlinearly decreases from “1” as the off-state time
T_Igoft increases, as shown in FIG. 15, for example. After
calculating the familiarity degree-initial value coefficient
Nk_Igon, the electronic control unit 36 proceeds to step S55.
A driver himself/herself may set the value of the familiarity
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degree-initial value coefficient Nk_Igon by operating an
adjustment switch disposed near the driver’s seat, for
example.

In step S55, the electronic control unit 36 calculates a travel
distance Dis_Igon over which the vehicle has traveled since
the ignition switch is turned on. Specifically, the electronic
control unit 36 calculates the travel distance Dis_Igon by
integrating the detected vehicle speed V received from the
vehicle speed sensor 33 in step S11 of the steering character-
istic-changing program with respect to travel time. When the
travel distance Dis_Igon is calculated, the calculation may be
performed using the value indicated by a tripmeter installed in
the vehicle, for example. After calculating the travel distance
Dis_Igon, the electronic control unit 36 proceeds to step S56.

In step S56, the electronic control unit 36 calculates a
turning operation number N_Igon by which the steering
wheel 11 has been turned by a driver since the ignition switch
is turned on. Specifically, the electronic control unit 36 com-
pares the absolute value of the detected steering angle 0
received from the steering operation angle sensor 31 in step
S11 of the steering characteristic-changing program, and the
predetermined value that has been set in advance to determine
whether a turning operation of the steering wheel 11 has been
performed. Concerning the state of the turning operation of
the steering wheel 11, the electronic control unit 36 counts the
number of times the absolute value of the detected steering
operation angle 6 changes from a value equal to or less than
the predetermined value to a value larger than the predeter-
mined value, and uses the count value as the turning operation
number N_Igon. After calculating the turning operation num-
ber N_Igon in this way, the electronic control unit 36 proceeds
to step S57.

In step S57, the electronic control unit 36 calculates the
familiarity degree coefficient Nk_ 0 of the identified driver.
Specifically, the electronic control unit 36 calculates the
familiarity degree coefficient Nk_ 0 in accordance with the
following expression 4 using the familiarity degree-initial
value coefficient Nk_Igon calculated in step S54, the travel
distance Dis_Igon calculated in step S55, and the turning
operation number N_Igon calculated in step S56.

Nk_0=Nk_Igon+K_ dis-Dis_Igon+K_N-N_Igon (Expression 4)

In the expression 4, K_dis and K_N are preset, small positive
constants.

Thus, the larger the familiarity degree-initial value coeffi-
cient Nk_Igon is, the closer to “1” the result of calculation of
the familiarity degree coefficient Nk_ 0 calculated in accor-
dance with the expression 4 is. Specifically, as shown by the
expression 3, the familiarity degree-initial value coefficient
Nk_Igon is calculated based on the time coefficient K_time
that is set so that the larger the off-state time T_Igoff is, the
smaller value the time coefficient K_time has. In other words,
the shorter the period between the end of the preceding drive
of the vehicle and the start of the current drive of the vehicle
is, the larger the result of calculation of the familiarity degree-
initial value coefficient Nk_Igon is to some extent; on the
other hand, the longer this period is, the smaller the result of
calculation of the familiarity degree-initial value coefficient
Nk_Igon is. Thus, even in the case of a driver who is familiar
with the steering characteristics of the steering-by-wire sys-
tem owing to the driving experience that has been accumu-
lated until the preceding drive, when the off-state time
T_Igoft is long, the familiarity degree coefficient Nk_ 0 is
temporarily made closer to “0”, so that it is possible to reduce
the chances of feeling a sense of discomfort with the steering
characteristics.
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The longer the travel distance Dis_Igon is, the closer to “1”
the result of calculation of the familiarity degree coefficient
Nk_ 0 that is calculated in accordance with the above expres-
sion 4 is. Specifically, the longer the travel distance Dis_Igon
is in the current drive of the vehicle, the closerto “1” the result
of calculation of the familiarity degree coefficient Nk_ 0 is
because the driver becomes familiar with the steering char-
acteristics of the steering-by-wire system. In addition, the
larger the turning operation number N_Igon of the steering
wheel 11 is, the closer to “1” the result of calculation of the
familiarity degree coefficient Nk_ O that is calculated in
accordance with the above expression 4 is. Specifically, the
larger the turning operation number N_Igon of the steering
wheel 11 is, the closer to “1” the result of calculation of the
familiarity degree coefficient Nk_ 0 is because the driver
becomes familiar with the steering characteristics of the steer-
ing-by-wire system.

Thus, when the familiarity degree-initial value coefficient
Nk_Igon is calculated according to the off-state time T_Igoff,
and the familiarity degree coefficient Nk_ 0 is calculated,
taking the travel distance Dis_Igon and the turning operation
number N_Igon into consideration, the longer the travel dis-
tance Dis_Igon is and the larger the turning operation number
N_Igon s, that is, the longer the time period during which the
ignition switch is in an on state, the closer to “1” the famil-
iarity degree coefficient Nk_ 0 becomes as shown in FIG. 16.
Thus, the driver becomes familiar with the steering charac-
teristics of the steering-by-wire system as the driver drives the
vehicle and performs steering operation of the steering wheel
11. After calculating the familiarity degree coefficient Nk 0,
the electronic control unit 36 temporarily exits the execution
of the familiarity degree coefficient-determining routine at
step S58.

Returning back to the description of the steering charac-
teristic-changing program according to the second embodi-
ment, the electronic control unit 36 performs the processes of
steps S13 through S19 of the steering characteristic-changing
program, using the calculated familiarity degree coefficient
Nk_ 0, as in the case of the above-described first embodi-
ment. Thus, it is possible to change the actual steering char-
acteristic and the reaction force characteristic in accordance
with the degree of driver’s familiarity with the steering char-
acteristics of the steering-by-wire system as in the case of the
above-described first embodiment. After performing the pro-
cess of step S19, the electronic control unit 36 proceeds to
step S32.

In step S32, the electronic control unit 36 determines
whether the ignition switch has been turned oft by the driver.
Specifically, when the ignition switch is maintained in an on
state, the electronic control unit 36 makes a negative deter-
mination (No), proceeds to step S20, and temporarily ends the
execution of the steering characteristic-changing program.
After the predetermined short period of time has elapsed, the
electronic control unit 36 again starts to execute the same
program at step S10.

On the other hand, when the ignition switch is turned off by
the driver, the electronic control unit 36 makes an affirmative
determination (YES), and proceeds to step S33. In step S33,
the electronic control unit 36 executes a predetermined ter-
mination program (not shown), stores, as the familiarity
degree coefficient storage value Nk_Igoff, the familiarity
degree coeflicient Nk_ 0 at the time when the ignition switch
is turned off, at the predetermined location in the EEPROM,
and also stores the time information indicating the time at
which the ignition switch is turned off. In this case, the elec-
tronic control unit 36 stores the driver registration informa-
tion, which is used to identify the driver identified in step S30,
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and the familiarity degree coefficient storage value Nk_Igoff
and the time information with these pieces of information
associated with each other. The electronic control unit 36 then
proceeds to step S34, and completely exits the execution of
the steering characteristic-changing program.

As will be understood from the above description, accord-
ing to the second embodiment, it is possible to set the appro-
priate familiarity degree coefficient Nk_ 0 for each driver
who drives the vehicle. Thus, it is possible to change the
steering characteristics to optimal characteristics based on the
familiarity degree coefficient Nk 0 of a driver, so that a
driver can drive the vehicle more easily. In addition, it is
possible to correct the familiarity degree coefficient Nk_ 0,
taking the interval between drives of the vehicle by the same
driver into consideration. With regard to the correction of the
familiarity degree coefficient Nk 0, it is possible to correct
the familiarity degree coefficient Nk_ 0 so that the longer the
interval between drives of the vehicle by the same driver is,
the closer to “0” the familiarity degree coefficient Nk_ 0
becomes to indicate that the driver is unfamiliar with the
steering characteristics. Thus, although there is a possibility
that, even in the case where a driver once becomes familiar
with the steering characteristics, the driver feels a sense of
discomfort with the steering characteristics if the driver has
not driven the vehicle for a long period of time, for example,
it is possible to make a switch to the steering characteristics
according to the current degree of driver’s familiarity with the
steering characteristics by correcting the familiarity degree
coefficient Nk_ 0 based on the period of time for which the
driver has not driven the vehicle. Thus, even in such a case, a
driver can easily drive the vehicle. Other advantageous effects
are similar to those of the above first embodiment.

Third Embodiment

Next, a third embodiment of the present invention will be
described. Also in the third embodiment, the actual steering
characteristic and the reaction force characteristic of the
steering-by-wire system are appropriately changed, taking
the degree of familiarity with the steering characteristics of
the driver driving the vehicle into consideration as in the case
of the second embodiment. It should be noted that the famil-
iarity degree coefficient-determining routine used in the third
embodiment is different from the familiarity degree coeffi-
cient-determining routine described in connection with the
above second embodiment. The familiarity degree coeffi-
cient-determining routine used in the third embodiment will
be described in detail below. With regard to other elements,
because these elements are similar to those of the second
embodiment, the elements are designated by the same refer-
ence numerals, and detailed description thereof will be omit-
ted.

Also in the third embodiment, the electronic control unit 36
executes an actual steering control program shown in FIG. 13
as in the case of the above second embodiment. Specifically,
when the ignition switch (not shown) is turned on, the elec-
tronic control unit 36 executes the steering characteristic-
changing program from step S10 repeatedly every predeter-
mined short time. In step S30, as in the case of the above
second embodiment, the electronic control unit 36 identifies a
driver who is driving the vehicle. Thereafter, the electronic
control unit 36 receives a detection value from each sensor in
step S11, and then executes the familiarity degree coefficient-
determining routine in step S31.

The familiarity degree coefficient-determining routine
according to the third embodiment determines the familiarity
degree coefficient Nk_ 0 based on the turning state of the
vehicle that varies according to the state of the turning opera-
tion of the steering wheel 11 by a driver. The familiarity
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degree coefficient-determining routine according to the third
embodiment will be specifically described below.

As shown in FIG. 17, execution of the familiarity degree
coefficient-determining routine is started at step S70, and, in
step S71, the electronic control unit 36 determines whether
the current execution of the familiarity degree coefficient-
determining routine is the first execution after the ignition
switch is turned on. Specifically, when the execution of the
familiarity degree coefficient-determining routine is the first
execution, the electronic control unit 36 makes an affirmative
determination (YES), and proceeds to step S72. On the other
hand, when the current execution of the familiarity degree
coefficient-determining routine is the second or a subsequent
execution, the electronic control unit 36 makes a negative
determination (NO), and proceeds to step S75.

In step S72, the electronic control unit 36 reads out the
familiarity degree coefficient storage value Nk_Igoff that was
stored at a predetermined location in the EEPROM when the
ignition switch was turned off last time, in relation to the
driver identified in step S30 of the steering characteristic-
changing program. After reading out the familiarity degree
coefficient storage value Nk_Igoff in this way, the electronic
control unit 36 proceeds to step S73.

In step S73, the electronic control unit 36 calculates the
off-state time T_Igoff between when the ignition switch was
turned off last time and when the ignition switch is turned on
this time. Calculation of the off-state time T_Igoff is similar
to that in step S53 of the familiarity degree coefficient-deter-
mining routine used in the above-described second embodi-
ment, and detailed description thereof will therefore be omit-
ted. After calculating the off-state time T_Igoff, the electronic
control unit 36 proceeds to step S74.

In step S74, the electronic control unit 36 calculates the
familiarity degree-initial value coefficient Nk_Igon in accor-
dance with the above expression 3 as in the case of the step
S54 of the familiarity degree coefficient-determining routine
used in the above-described second embodiment. Needless to
say, also in this case, a driver himself/herself can appropri-
ately set the value of the familiarity degree-initial value coef-
ficient Nk_Igon by operating the adjustment switch. After
calculating the familiarity degree-initial value coefficient
Nk_Igon, the electronic control unit 36 proceeds to step S75.

In step S75, the electronic control unit 36 calculates the
time derivative value of the detected yaw rate dy/dt (herein-
after, the time derivative value is referred to as the yaw rate
differentiation value dy/dt) received from the yaw rate sensor
35 in step S1. After calculating the yaw rate differentiation
value dy/dt, the electronic control unit 36 proceeds to step
S76.

In step S76, and step S78 described later, the electronic
control unit 36 determines which region in a region determi-
nation map shown in FIG. 18 the point determined by the
absolute value of the detected yaw rate y received in step S11
and the absolute value of the yaw rate differentiation value
dy/dt calculated in step S71 is in. The region determination
map will now be described.

The region determination map includes three regions, that
is, the region A, the region B, and the region C as shown in
FIG. 18. The region A is a region in which the amount of
change in the absolute value of the yaw rate differentiation
value dy/dt is large relative to the amount of change in the
absolute value of the detected yaw rate y, and in which the
vehicle is jerkily turned in response to a turning operation of
the steering wheel 11 by a driver. The region C is a region in
which the amount of change in the absolute value of the yaw
rate differentiation value dy/dt is small relative to the amount
of change in the absolute value of the detected yaw rate y, and
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in which the vehicle is smoothly turned in response to a
turning operation of the steering wheel 11 by a driver. The
region B is a region in which the amount of change in the
absolute value of the yaw rate differentiation value dy/dt
relative to the amount of change in the absolute value of the
detected yaw rate y is almost intermediate between the change
amount in the region A and the change amount in the region C.
The region determination map is previously stored at a pre-
determined location in the EEPROM, for example.

Then, in step S76, the electronic control unit 36 determines
whether the point determined by the absolute value of the
detected yaw rate y and the absolute value of the yaw rate
differentiation value dy/dt is in the region A in the region
determination map, in other words, whether the vehicle is
jerkily turned in response to a turning operation of the steer-
ing wheel 11 by the driver. When it is determined using the
region determination map shown in FIG. 18 that the point
determined by the absolute value of the detected yaw rate y
and the absolute value of the yaw rate differentiation value
dy/dtis inthe region A, the electronic control unit 36 makes an
affirmative determination (Yes), and proceeds to step S77.

In step S77, the electronic control unit 36 subtracts “1”
from the value of the familiarity counter N_count that varies
depending on the region in which the point determined by the
absolute value of the detected yaw rate y and the absolute
value of the yaw rate differentiation value dy/dt is, and that is
added to the familiarity degree-initial value coefficient
Nk_Igon calculated in step S74. When the point determined
by the absolute value of the detected yaw rate y and the
absolute value of the yaw rate differentiation value dy/dt is in
the region A, the vehicle is jerkily turned in response to a
turning operation of the steering wheel 11 by the driver. The
probability of occurrence of such a state in which the vehicle
is jerkily turned is high when a driver is unfamiliar with the
steering characteristics of the steering-by-wire system.

Thus, the electronic control unit 36 subtracts “1” from the
value of the familiarity counter N_count to reduce the value of
the familiarity degree coefficient Nk 0 calculated as
described later. The familiarity counter N_count is a counter
value that is initialized when the ignition switch is turned on,
and whose minimum value is “0”. After subtracting “1” from
the value of the familiarity counter N_count, the electronic
control unit 36 proceeds to step S80.

On the other hand, when the point determined by the abso-
lute value of the detected yaw rate y and the absolute value of
the yaw rate differentiation value dy/dt is not in the region A
in the region determination map, the electronic control unit 36
makes a negative determination (No), and proceeds to step
S78. In step S78, the electronic control unit 36 determines
whether the point determined by the absolute value of the
detected yaw rate y and the absolute value of the yaw rate
differentiation value dy/dt is in the region C, in other words,
whether a state in which the vehicle is smoothly turned is
realized. Specifically, when it is determined using the region
determination map shown in FIG. 18 that the point deter-
mined by the absolute value of the detected yaw rate y and the
absolute value of the yaw rate differentiation value dy/dt is in
the region C, the electronic control unit 36 makes an affirma-
tive determination (Yes), and proceeds to step S79.

In step S79, the electronic control unit 36 adds “1” to the
value of the familiarity counter N_count. When the point
determined by the absolute value of the detected yaw rate y
and the absolute value of the yaw rate differentiation value
dy/dt is in the region C, the vehicle is smoothly turned in
response to a turning operation of the steering wheel 11 by the
driver. Such a state in which the vehicle is smoothly turned
occurs when a driver is familiar with the steering character-



US 8,175,772 B2

23

istics of the steering-by-wire system. Thus, the electronic
control unit 36 adds “1” to the value of the familiarity counter
N_count to increase the value of the familiarity degree coef-
ficient Nk_ 0 calculated as described later. After adding “1”’to
the value of the familiarity counter N_count, the electronic
control unit 36 proceeds to step S80.

On the other hand, when the point determined by the abso-
lute value of the detected yaw rate y and the absolute value of
the yaw rate differentiation value dy/dt is not in the region C,
in other words, when the point determined by the absolute
value of the detected yaw rate y and the absolute value of the
yaw rate differentiation value dy/dt is in the region B in the
region determination map, the electronic control unit 36
makes a negative determination (No), and proceeds to step
S80. When the point determined by the absolute value of the
detected yaw rate y and the absolute value of the yaw rate
differentiation value dy/dt is in the region B in the region
determination map, a driver is not unfamiliar with the steering
characteristics of the steering-by-wire system, and at the
same time, not sufficiently familiar with the steering charac-
teristics. Thus, neither addition to nor subtraction from the
value of the familiarity counter N_count is performed by the
electronic control unit 36, and the electronic control unit 36
proceeds to step S80.

With regard to the region determination process in steps 76
and 78, when both the absolute value of the detected yaw rate
v and the absolute value of the yaw rate differentiation value
dy/dt are small, in other words, when the vehicle moves
substantially straight ahead, the electronic control unit 36
does not perform the region determination process. The rea-
son why the region determination process is not performed is
because, when the vehicle moves substantially straight ahead,
the steering wheel 11 is not actively turned by a driver, and
therefore, there is no need to determine whether or not the
driver is familiar with the steering characteristics of the steer-
ing-by-wire system.

In step S80, the electronic control unit 36 calculates the
familiarity degree coefficient Nk_ 0 of the identified driver.
Specifically, the electronic control unit 36 calculates the
familiarity degree coefficient Nk 0 in accordance with the
following expression 5 using the familiarity degree-initial
value coefficient Nk_Igon calculated in step S74, and the
value of the familiarity counter N_count that is decremented
in step S77 or incremented in step S79.

Nk__0=Nk_Igon+K_count-N_count (Expression 5)

It should be noted that K_count in the expression 5 is a preset,
small positive constant.

Thus, the larger the familiarity degree-initial value coeffi-
cient Nk_Igon is, the closer to “1” the result of calculation of
the familiarity degree coefficient Nk_ 0 calculated in accor-
dance with the expression 5 is. Specifically, as shown by the
expression 3, the familiarity degree-initial value coefficient
Nk_Igon is calculated based on the time coefficient K_time
that is set so that the larger the off-state time T_Igoff is, the
smaller value the time coefficient K_time has. In other words,
the shorter the period between the end of the preceding drive
of the vehicle and the start of the current drive of the vehicle
is, the larger the result of calculation of the familiarity degree-
initial value coefficient Nk_Igon is to some extent; on the
other hand, the longer this period is, the smaller the result of
calculation of the familiarity degree-initial value coefficient
Nk_Igon is. Thus, even in the case of a driver who is familiar
with the steering characteristics of the steering-by-wire sys-
tem owing to the driving experience that has been accumu-
lated until the preceding drive, when the off-state time
T_Igoft is long, the familiarity degree coefficient Nk_ 0 is
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temporarily made closer to “0”, so that it is possible to reduce
the chances of feeling a sense of discomfort with the steering
characteristics.

The larger the familiarity counter N_count is, the closer to
“1” the result of calculation of the familiarity degree coeffi-
cient Nk_ 0 that is calculated in accordance with the above
expression 5 is. Specifically, the more smoothly the vehicle is
turned in the current drive of the vehicle, the closer to “1” the
result of calculation of the familiarity degree coefficient
Nk_ 0is because the driver is familiar with the steering char-
acteristics of the steering-by-wire system.

Thus, when the familiarity degree-initial value coefficient
Nk_Igon s calculated according to the off-state time T_Igoff,
and the familiarity degree coefficient Nk 0 is calculated,
taking the value of the familiarity counter N_count into con-
sideration, the familiarity degree coefficient Nk 0 is caused
to vary, reflecting the manner in which the vehicle is actually
turned by the driver. After calculating the familiarity degree
coefficient Nk_ 0, the electronic control unit 36 temporarily
exits the execution of the familiarity degree coefficient-deter-
mining routine at step S81.

When the electronic control unit 36 temporarily ends the
execution of the familiarity degree coefficient-determining
routine, the electronic control unit 36 executes the steering
characteristic-changing program as in the case of the first and
second embodiments. Therefore, description thereof will be
omitted.

As will be understood from the above description, accord-
ing to the third embodiment, it is possible to determine the
familiarity degree coefficient Nk 0 based on the absolute
value of the detected yaw rate y and the absolute value of the
yaw rate differentiation value dy/dt. Thus, it is possible to
more accurately determine the familiarity degree coefficient
Nk_ 0 indicating the degree of driver’s familiarity with the
steering characteristics, and as a result, it is possible to set
appropriate steering characteristics for the driver. Accord-
ingly, the driver can more easily drive the vehicle. Other
advantageous effects are similar to those of the above first
embodiment.

In this embodiment, the present invention is implemented
so that it is determined which region in the region determi-
nation map the point determined by the absolute value of the
detected yaw rate y and the absolute value of the yaw rate
differentiation value dy/dt is in, in steps S76 and S78 of the
above-described familiarity degree coefficient-determining
routine. Alternatively, the present invention may be imple-
mented so that it is determined which region in the region
determination map shown in FIG. 18 the point determined by
the absolute value of detected lateral acceleration G detected
by the lateral acceleration sensor 34 and the absolute value of
the time derivative dG/dt of the detected lateral acceleration G
(hereinafter, the derivative value is referred to as the lateral
jerk dG/dt) is in.

Also in this case, when the point determined by the abso-
lute value of the detected lateral acceleration G and the abso-
Iute value of the lateral jerk dG/dt is in the region A, it is
possible to determine that the vehicle is jerkily turned in
response to a turning operation of the steering wheel 11 by a
driver. On the other hand, when the point determined by the
absolute value of the detected lateral acceleration G and the
absolute value of the lateral jerk dG/dt is in the region C, it is
possible to determine that the vehicle is smoothly turned in
response to a turning operation of the steering wheel 11 by the
driver.

The present invention may be implemented so that it is
determined which region in the region determination map
shown in FIG. 18 the point determined by the absolute value
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of the detected steering angle 6 detected by the steering
operation angle sensor 31 and the absolute value of the yaw
rate differentiation value d6/dt is in, instead of or in addition
to determining which region in the region determination map
the point determined by the absolute value of the detected
yaw rate y and the absolute value of the yaw rate differentia-
tion value dy/dt is in.

Also in this case, when the point determined by the abso-
lute value of the detected steering operation angle 6 and the
absolute value of the steering operation angular velocity d6/dt
is in the region A, it is possible to determine that the vehicle is
jerkily turned in response to a turning operation of the steer-
ing wheel 11 by a driver. On the other hand, when the point
determined by the absolute value of the detected steering
operation angle 0 and the absolute value of the steering opera-
tion angular velocity d6/dt is in the region C, it is possible to
determine that the vehicle is smoothly turned in response to a
turning operation of the steering wheel 11 by the driver.

In addition, the present invention may be implemented so
that it is determined which region in the region determination
map shown in FIG. 18 the point determined by the absolute
value of a desired lateral acceleration Gd calculated based on
the detected steering operation angle 8 and the absolute value
of the steering operation angular velocity d6/dt, or the point
determined by the absolute value of a desired yaw rate yd
calculated based on the detected steering operation angle 6
and the absolute value of the steering operation angular veloc-
ity d0/dt is in, instead of or in addition to determining which
region in the region determination map the point determined
by the absolute value of the detected yaw rate y and the
absolute value of the yaw rate differentiation value dy/dtis in.

Also in this case, when the point determined by the abso-
lute value of the steering operation angular velocity d6/dt, and
one of the absolute value of the desired lateral acceleration Gd
and the desired yaw rate yd is in the region A, it is possible to
determine that the vehicle is jerkily turned in response to a
turning operation of the steering wheel 11 by a driver. On the
other hand, when the point determined by the absolute value
of'the steering operation angular velocity d6/dt, and one of the
absolute value of the desired lateral acceleration Gd and the
desired yaw rate yd is in the region C, it is possible to deter-
mine that the vehicle is smoothly turned in response to a
turning operation of the steering wheel 11 by the driver.

It is preferable that the above-described region determina-
tion be performed when the steering state of the steering
wheel 11 is in a turning operation state. The reason for this is
as follows. As described in connection with the first embodi-
ment, in the steering-by-wire steering system, even a driver
familiar with the steering characteristics thereof can feel a
sense of discomfort with the rapid actual steering action of the
right and left front wheels FW1 and FW2 when a returning
operation is being performed, and as a result, the turning
operation of the steering wheel 11 can become unstable. On
the other hand, when a turning operation is being performed,
the actual steering amount of the right and left front wheels
FW1 and FW2 is relatively gently increased in response to the
turning operation of the steering wheel 11, and the driver can
therefore stably perform the turning operation of the steering
wheel 11. For this reason, the electronic control unit 36 per-
forms the above-described region determination when a turn-
ing operation of the steering wheel 11 is being performed.

Modification of Third Embodiment

With regard to the above-described familiarity degree coet-
ficient-determining routine of the third embodiment, the
present invention is implemented so that it is determined
which of the regions A, B and C in the region determination
map the point determined by the absolute value of the
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detected yaw rate y and the absolute value of the yaw rate
differentiation value dy/dt obtained by differentiating the
detected yaw rate y with respect to time is in. However, in
general, a time delay (phase shift) occurs between the varia-
tion with time of the yaw rate y and the variation with time of
the yaw rate differentiation value dy/dt, as shown by the
schematic time series in FIG. 19. For this reason, in this
modification of the third embodiment, the electronic control
unit 36 executes a familiarity degree coefficient-determining
routine capable of more accurately performing the region
determination, taking the time delay (phase shift) into con-
sideration. The familiarity degree coefficient-determining
routine according to the modification will be described in
detail below. However, the same step as that of the familiarity
degree coefficient-determining routine of the above third
embodiment is designated by the same reference numeral,
and detailed description thereof will be omitted.

In the familiarity degree coefficient-determining routine
according to the modification of the third embodiment, steps
S75 to S80 of the familiarity degree coefficient-determining
routine according to the above-described third embodiment
are changed as shown in FIG. 20. Specifically, the electronic
control unit 36 starts to execute the familiarity degree coeffi-
cient-determining routine at step S70 as in the case of the
familiarity degree coefficient-determining routine of the
above third embodiment. In step S71, the electronic control
unit 36 determines whether the current execution of the famil-
iarity degree coefficient-determining routine is the first
execution after the ignition switch is turned on. When the
execution of the familiarity degree coefficient-determining
routine is the first execution, the electronic control unit 36
makes an affirmative determination (YES), and performs the
processes of steps S72 through S74 as in the case of the
familiarity degree coefficient-determining routine of the third
embodiment. In this way, the electronic control unit 36 cal-
culates the familiarity degree-initial value coefficient
Nk_Igon, and proceeds to step S90. On the other hand, when
the current execution of the familiarity degree coefficient-
determining routine is the second or later execution, the elec-
tronic control unit 36 makes a negative determination (NO),
and proceeds to step S90.

In step S90, the electronic control unit 36 calculates the
yaw rate differentiation value dy/dt based on the detected yaw
rate y received from the yaw rate sensor 35 in step S11 of the
steering characteristic-changing program. After calculating
the yaw rate differentiation value dy/dt, the electronic control
unit 36 proceeds to step S91.

In step S91, the electronic control unit 36 determines
whether the absolute value of the yaw rate differentiation
value dy/dt calculated in step S90 is greater than a preset,
predetermined reference yaw rate yo. When the absolute
value of the yaw rate differentiation value dy/dt is greater than
the reference yaw rate yo, the electronic control unit 36 makes
an affirmative determination (Yes), and proceeds to step S92.
The reference yaw rate yo is preset based on the value of the
actual yaw rate y detected when the vehicle actually starts to
turn.

In step S92, the electronic control unit 36 calculates the
peak value (dy/dt)_max of the yaw rate differentiation value
dy/dt in accordance with the relation shown by the following
expression 6.

(dy/dt)_max=MAX((dy/dt)_new,(dy/dr)_old) (Expression 6)

In the expression 6, (dy/dt)_new represents the yaw rate dif-
ferentiation value dy/dt calculated in step S90 during the
current execution of the familiarity degree coefficient-deter-
mining routine, and (dy/dt)_old represents the yaw rate dif-
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ferentiation value dy/dt calculated in step S90 during the
preceding execution of the familiarity degree coefficient-de-
termining routine. After calculating the peak value (dy/dt)
_max of the yaw rate differentiation value, the electronic
control unit 36 temporarily exits the execution of the famil-
iarity degree coefficient-determining routine.

On the other hand, when the absolute value of the yaw rate
differentiation value dy/dt is equal to or less than the reference
yaw rate yo in step S91, the electronic control unit 36 makes
a negative determination (No), and proceeds to step S93. In
step S93, the electronic control unit 36 determines whether
the yaw rate differentiation value dy/dt is greater than the
reference yaw rate yo in step S91 during the preceding execu-
tion of the familiarity degree coefficient-determining routine,
in other words, whether (dy/dt)_old is greater than the refer-
ence yaw rate yo. This determination will be specifically
described below.

As described above, a time delay (phase shift) occurs
between the variation with time of the detected yaw rate y and
the variation with time of the yaw rate differentiation value
dy/dt, more specifically, between the time of occurrence of the
peak value y_max of the detected yaw rate, and the time of
occurrence of the peak value (dy/dt)_max of the yaw rate
differentiation value. More specifically, the yaw rate difter-
entiation value dy/dt that is greater than the reference yaw rate
yo reaches a peak value prior to the time of occurrence of the
peak value y_max of the detected yaw rate as shown by the
broken line in FIG. 19, and then takes a downward turn to
decrease below the reference yaw rate yo. Meanwhile, the
detected yaw rate y reaches the peak value y_max after the
value of the yaw rate differentiation value dy/dt takes a down-
ward turn as shown by the solid line in FIG. 19. It can be
assumed that the peak value y_max of the detected yaw rate
occurs when the yaw rate differentiation value dy/dt becomes
equal to or less than the reference yaw rate yo as shown in
FIG. 19.

On the basis of this fact, under conditions where it has been
determined that the current yaw rate differentiation value
(dy/dt)_new is equal to or less than the reference yaw rate yo
based on the determination in step S91, the electronic control
unit 36 determines whether the absolute value of the preced-
ing yaw rate differentiation value (dy/dt)_old is greater than
the reference yaw rate yo in step S93. Specifically, when the
absolute value of the yaw rate differentiation value (dy/dt)
_old is greater than the reference yaw rate yo in step S93, it
can be assumed that the peak value y_max of the detected yaw
rate has occurred, and the electronic control unit 36 therefore
makes an affirmative determination (Yes), and proceeds to
step S94.

On the other hand, under conditions where it has been
determined that the absolute value of the current yaw rate
differentiation value (dy/dt)_new is equal to or less than the
reference yaw rate yo based on the determination in step S91,
when the absolute value of the yaw rate differentiation value
(dy/dt)_old is equal to or less than the reference yaw rate yo,
the vehicle is not turned to a substantial extent, and the elec-
tronic control unit 36 makes a negative determination (No),
and proceeds to step S95. In step S95, the peak value (dy/dt)
_max of the yaw rate differentiation value that has been
calculated in the calculation process in step S92 of the famil-
iarity degree coefficient-determining routine during or prior
to the preceding execution thereof is set to “0” by the elec-
tronic control unit 36, and the electronic control unit 36
temporarily exits the execution of the familiarity degree coef-
ficient-determining routine at step S81.

In step S94, based on the determination in step S91, the
electronic control unit 36 determines the peak value y_max of

20

25

30

35

40

45

50

55

60

65

28

the detected yaw rate at the time point when the current yaw
rate differentiation value (dy/dt)_new becomes equal to or
less than the reference yaw rate yo. After determining the peak
value y_max of the detected yaw rate, the electronic control
unit 36 proceeds to step S96.

Then, in step S96, the electronic control unit 36 determines
whether the point determined by the peak value y_max (abso-
lute value) of the detected yaw rate and the peak value (dy/
dt)_max (absolute value) of the yaw rate differentiation value
calculated in step S92 is in the region A in the region deter-
mination map shown in FIG. 18, in other words, whether the
vehicle is jerkily turned in response to a turning operation of
the steering wheel 11 by the driver. When it is determined
using the region determination map shown in FIG. 18 that the
point determined by the peak value y_max (absolute value) of
the detected yaw rate and the peak value (dy/dt)_max (abso-
lute value) of the yaw rate differentiation value is in the region
A, the electronic control unit 36 makes an affirmative deter-
mination (Yes), and proceeds to step S97.

In step S97, “1” is subtracted from the value of the famil-
iarity counter N_count as in the case of step S77 of the
familiarity degree coefficient-determining routine of the
above-described third embodiment. After subtracting “1”
from the value of the familiarity counter N_count, the elec-
tronic control unit 36 proceeds to step S100.

On the other hand, when the point determined by the peak
value y_max (absolute value) of the detected yaw rate and the
peak value (dy/dt)_max (absolute value) of the yaw rate dif-
ferentiation value is not in the region A in the region deter-
mination map, the electronic control unit 36 makes a negative
determination (No), and proceeds to step S98. In step S98, the
electronic control unit 36 determines whether the point deter-
mined by the peak value y_max (absolute value) of the
detected yaw rate and the peak value (dy/dt)_max (absolute
value) of the yaw rate differentiation value is in the region C
in the region determination map, in other words, whether a
state in which the vehicle is smoothly turned is realized.
Specifically, when it is determined using the region determi-
nation map shown in FIG. 18 that the point determined by the
peak value y_max (absolute value) of the detected yaw rate
and the peak value (dy/dt)_max (absolute value) of the yaw
rate differentiation value is in the region C, the electronic
control unit 36 makes an affirmative determination (Yes), and
proceeds to step S99.

In step S99, “1” is added to the value of the familiarity
counter N_count as in the case of step S79 of the familiarity
degree coefficient-determining routine of the above-de-
scribed third embodiment. After adding “1” to the value of the
familiarity counter N_count, the electronic control unit 36
proceeds to step S100.

On the other hand, when the point determined by the peak
value y_max (absolute value) of the detected yaw rate and the
peak value (dy/dt)_max (absolute value) of the yaw rate dif-
ferentiation value is not in the region C in the region deter-
mination map, in other words, when the point determined by
the peak value y_max (absolute value) of the detected yaw
rate and the peak value (dy/dt)_max (absolute value) of the
yaw rate differentiation value is in the region B in the region
determination map, the electronic control unit 36 makes a
negative determination (No), and proceeds to step S100.
When the point determined by the peak value y_max (abso-
lute value) of the detected yaw rate and the peak value (dy/
dt)_max (absolute value) of the yaw rate differentiation value
is in the region B in the region determination map, a driver is
not unfamiliar with the steering characteristics of the steer-
ing-by-wire system, and at the same time, not sufficiently
familiar with the steering characteristics. Thus, neither addi-
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tion to nor subtraction from the value of the familiarity
counter N_count is performed by the electronic control unit
36, and the electronic control unit 36 proceeds to step S100.

In step S100, the electronic control unit 36 calculates the
familiarity degree coefficient Nk_ 0 of the identified driver.
Specifically, the electronic control unit 36 calculates the
familiarity degree coefficient Nk 0 in accordance with the
above expression 5 as in the case of the step S80 of the
familiarity degree coefficient-determining routine of the
above-described third embodiment, using the familiarity
degree-initial value coefficient Nk_Igon calculated in step
S74, and the value of the familiarity counter N_count that is
decremented in step S97 or incremented in step S99.

Thus, also in the case of the modification of the third
embodiment, the larger the familiarity degree-initial value
coefficient Nk_Igon is, the closer to “1” the result of calcu-
lation of the familiarity degree coefficient Nk_ 0 calculated in
accordance with the expression 5 is. Specifically, as shown by
the expression 3, the familiarity degree-initial value coeffi-
cient Nk_Igon is calculated based on the time coefficient
K_time that is set so that the larger the oft-state time T_Igoff
is, the smaller value the time coefficient K_time has. In other
words, the shorter the period between the end of the preceding
drive of the vehicle and the start of the current drive of the
vehicle is, the larger the result of calculation of the familiarity
degree-initial value coefficient Nk_Igon is to some extent; on
the other hand, the longer this period is, the smaller the result
of calculation of the familiarity degree-initial value coeffi-
cient Nk_Igon is. Thus, even in the case of a driver who is
familiar with the steering characteristics of the steering-by-
wire system owing to the driving experience that has been
accumulated until the preceding drive, when the off-state time
T_Igoft is long, the familiarity degree coefficient Nk 0 is
temporarily made closer to “0”, so that it is possible to reduce
the chances of feeling a sense of discomfort with the steering
characteristics.

The larger the familiarity counter N_count is, the closer to
“1” the result of calculation of the familiarity degree coeffi-
cient Nk_ 0 that is calculated in accordance with the above
expression 5 is. Specifically, the more smoothly the vehicle is
turned in the current drive of the vehicle, the closer to “1” the
result of calculation of the familiarity degree coefficient
Nk_ 0is because the driver is familiar with the steering char-
acteristics of the steering-by-wire system.

Thus, when the familiarity degree-initial value coefficient
Nk_Igon is calculated according to the off-state time T_Igoff,
and the familiarity degree coefficient Nk_ 0 is calculated,
taking the value of the familiarity counter N_count into con-
sideration, the familiarity degree coefficient Nk 0 is caused
to vary, reflecting the manner in which the vehicle is actually
turned by the driver. After calculating the familiarity degree
coefficient Nk_ 0, the electronic control unit 36 temporarily
exits the execution of the familiarity degree coefficient-deter-
mining routine at step S81.

When the electronic control unit 36 temporarily ends the
execution of the familiarity degree coefficient-determining
routine, the electronic control unit 36 executes the steering
characteristic-changing program as in the case of the first to
third embodiments. Therefore, description thereof will be
omitted.

As will be understood from the above description, accord-
ing to the modification of the third embodiment, it is possible
to determine the familiarity degree coefficient Nk 0 based
on the peak value y_max (absolute value) of the detected yaw
rate and the peak value (dy/dt)_max (absolute value) of the
yaw rate differentiation value. Thus, it is possible to more
accurately determine the familiarity degree coefficient
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Nk_ 0, taking the time delay (phase shift) between the yaw
rate y and the yaw rate differentiation value dy/dt into consid-
eration. As a result, it is possible to set appropriate steering
characteristics for the driver. Accordingly, the driver can more
easily drive the vehicle. Other advantageous effects are simi-
lar to those of the above first embodiment.

Fourth Embodiment

In the first embodiment, the actual steering characteristic
and the reaction force characteristic, that is, the steering char-
acteristics are appropriately changed in accordance with the
degree of familiarity of the driver, whereby the present inven-
tion is implemented so that a driver can operate the steering-
by-wire steering system without feeling a sense of discom-
fort. However, as described above, the steering-by-wire
steering system is configured so that the steering operation
input shaft 12 and the actual steering output shaft 22 can
rotate relative to each other. Thus, it is possible to quickly
steer the right and left front wheels FW1 and FW2 in response
to a turning operation of the steering wheel 11 by adriver. The
steering characteristics are extremely effective when, for
example, a driver performs a turning operation of the steering
wheel 11 to avoid collision with an obstacle (hereinafter, this
turning operation is referred to as the emergency avoidance
operation).

Accordingly, in the fourth embodiment, the present inven-
tion is implemented so that, when a driver performs an emer-
gency avoidance operation of the steering wheel 11, the right
and left front wheels FW1 and FW2 are steered with a quick
response. The fourth embodiment will be described in detail
below. The same part as that of the first embodiment is des-
ignated by the same reference numeral, and detailed descrip-
tion thereof will be omitted. Needless to say, although the first
embodiment is cited in the following description, the fourth
embodiment may be implemented in combination with the
second embodiment, the third embodiment, of the modifica-
tion of the third embodiment.

In the fourth embodiment, the electronic control unit 36
executes a steering characteristic-changing program shown in
FIG. 21. The steering characteristic-changing program of the
fourth embodiment is changed from the steering characteris-
tic-changing program described in connection with the first
embodiment in that step S35 is added thereto. Specifically,
when the ignition switch (not shown) is turned on, the elec-
tronic control unit 36 starts to execute the steering character-
istic-changing program according to the fourth embodiment
from step S10 repeatedly every predetermined short time.
Then, the electronic control unit 36 receives a detection value
from each sensor in step S11, and estimates and determines
the familiarity degree coefficient Nk 0 of a driver in step
S12, as in the case of the first embodiment.

The electronic control unit 36 then executes an emergency
avoidance operation-managing routine in the subsequent step
S35. The emergency avoidance operation-managing routine
will be described in detail below.

As shown in FIG. 22, execution of the emergency avoid-
ance operation-managing routine is started at step S120, and,
in step 121, the electronic control unit 36 determines whether
an emergency avoidance operation of the steering wheel 11 is
being performed by a driver. Specifically, the electronic con-
trol unit 36 determines whether the following conditions are
satisfied: that the absolute value of the detected steering
operation angle 6 received from the steering operation angle
sensor 31 in step S11 of the steering characteristic-changing
program is greater than a preset reference steering operation
angle 0k; that the absolute value of the steering operation
angular velocity df/dt obtained by differentiating the
detected steering operation angle 6 with respect to time is
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greater than a preset reference steering operation angular
velocity d6/dt; and that the detected vehicle speed V received
from the vehicle speed sensor 33 is greater than a preset
reference vehicle speed Vk (hereinafter, these conditions are
collectively referred to as the emergency avoidance operation
conditions).

Specifically, when the emergency avoidance operation
conditions are satisfied, an emergency avoidance operation of
the steering wheel 11 is being performed by a driver, and the
electronic control unit 36 therefore makes an affirmative
determination (Yes) and proceeds to step S122. In step S122,
in order to restore the actual steering characteristic and the
reaction force characteristic corresponding to the degree of
familiarity of a driver, the familiarity degree coefficient
Nk_ 0 determined in step S12 of the above steering charac-
teristic-changing program is temporarily stored at a predeter-
mined location in the EEPROM by the electronic control unit
36 after the emergency avoidance operation of the steering
wheel 11 by the driver is finished. In the following descrip-
tion, the familiarity degree coefficient Nk_ 0 that is tempo-
rarily stored is referred to as the temporarily stored value
Nk_memo. After storing the temporarily stored value
Nk_memo, the electronic control unit 36 proceeds to step
S123.

In step S123, the electronic control unit 36 sets the famil-
iarity degree coefficient Nk_ 0 of a driver to “1” indicating
that the driver has become familiar with the steering charac-
teristics of the steering-by-wire system, and temporarily exits
the execution of the emergency avoidance operation-manag-
ing routine at step S127. When the processes of step S13 and
the following steps of the steering characteristic-changing
program are performed as in the case of the first embodiment
after the execution of the emergency avoidance operation-
managing routine causes the familiarity degree coefficient
Nk_ 0tobesetto “1”, the right and left front wheels FW1 and
FW2 are steered by a large amount in quick response to a
turning operation of the steering wheel 11 by a driver, and a
small reaction torque Tz is provided against a turning opera-
tion of the steering wheel 11.

Specifically, when the familiarity degree coefficient Nk 0
is set to “1”, the corrected familiarity degree coefficient
Nk__1 is setto a value closer to “1” (the corrected familiarity
degree coefficient Nk_ 1 is set to “1” when a turning opera-
tion is performed). As a result, the result of calculation of the
actual steering amount correction coefficient Kg becomes
small, and the time constant T is set to a small value. Thus, the
actual steering actuator 21 causes the actual steering output
shaft 22 to be rotated relative to the steering operation input
shaft 12 by a large amount with a quick response, so that the
right and left front wheels FW1 and FW2 are quickly steered.
In other words, the vehicle is quickly turned in response to a
steering operation of the steering wheel 11 by a driver.
Accordingly, it is possible to quickly avoid the collision
between the vehicle and the collision obstacle present ahead
of the vehicle, for example.

In addition, when the corrected familiarity degree coeffi-
cient Nk_ 1 is set to a value closer to “1” (the corrected
familiarity degree coefficient Nk_ 1 is set to “1” when a
turning operation is performed), the correction coefficients
Ks, Kf, and Kr for correcting the amount of the spring-term
torque Ts, the amount of the friction-term torque Tf, and the
amount of the viscosity-term torque Tr, respectively, which
constitute the reaction torque Tz are set to small values. Thus,
the amount of the reaction torque Tz provided against a turn-
ing operation of the steering wheel 11 becomes small, so that
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adriver can easily turn the steering wheel 11. Accordingly, the
driver can perform an emergency avoidance operation of the
steering wheel 11 well.

When it is determined in step S121 that the emergency
avoidance operation conditions are not satisfied, the elec-
tronic control unit 36 makes a negative determination (No),
and proceeds to step S124. In step S124, the electronic control
unit 36 determines whether it was determined in step S121
during the preceding execution of the emergency avoidance
operation-managing routine that the emergency avoidance
operation conditions were satisfied. When it was determined
during the preceding execution of the emergency avoidance
operation-managing routine that the emergency avoidance
operation conditions were satisfied, the electronic control
unit 36 makes an affirmative determination (Yes), and pro-
ceeds to step S125.

In step S125, the electronic control unit 36 determines
whether a preset, predetermined time has elapsed since it was
determined that the emergency avoidance operation condi-
tions were satisfied. The preset, predetermined time is set
based on the time required to avoid a collision with a collision
obstacle. When the predetermined time has elapsed since it
was determined that the emergency avoidance operation con-
ditions were satisfied, the electronic control unit 36 deter-
mines that the collision with the collision obstacle has already
been avoided. In this case, the electronic control unit 36
makes an affirmative determination (Yes), and proceeds to
step S126.

In step S126, the electronic control unit 36 restores the
value of the familiarity degree coefficient Nk 0 that has been
set to “1” to the temporarily stored value Nk_memo stored in
the EEPROM in step S122, that is, to the value of the famil-
iarity degree coefficient Nk_ 0 determined in step S12 of the
steering characteristic-changing program. The electronic
control unit 36 then temporarily exits the execution of the
emergency avoidance operation-managing routine at step
S127.

When the value of the familiarity degree coefficient Nk_ 0
is again set to the value of the temporarily stored value
Nk_memo after execution of the emergency avoidance opera-
tion-managing routine, and thereafter, the processes of step
13 and the following steps of the steering characteristic-
changing program are performed as described in the descrip-
tion of'the first embodiment, the actual steering characteristic
and the reaction force characteristic are appropriately
changed according to the degree of driver’s familiarity with
the steering characteristics of the steering-by-wire steering
system. Thus, the right and left front wheels FW1 and FW2
are steered in response to a turning operation of the steering
wheel 11 in accordance with the familiarity degree coefficient
Nk_ 0 (corrected familiarity degree coefficient Nk_ 1), and
an appropriate amount of reaction torque Tz is provided
against the turning operation, which enables the driver to
drive the vehicle without feeling a sense of discomfort when
a normal turning operation of the steering wheel 11 is per-
formed by the driver.

When it is determined in step S124 that it was determined
during the preceding execution of the routine that the emer-
gency avoidance operation conditions were not satisfied, the
electronic control unit 36 makes a negative determination
(No), and temporarily exits the execution of the emergency
avoidance operation-managing routine in step S127. In this
case, the emergency avoidance operation of the steering
wheel 11 is not being performed by the driver, and the elec-
tronic control unit 36 therefore maintains the value of the
familiarity degree coefficient Nk _ 0 at the value determined
in step S12 of the steering characteristic-changing program.
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The electronic control unit 36 then performs the processes of
step S13 and the following steps of the steering characteristic-
changing program as in the case of the first embodiment.

As will be understood from the above description, accord-
ing to the fourth embodiment, when an emergency avoidance
operation of the steering wheel 11 is being performed in order
to avoid a collision between the vehicle and the collision
obstacle, the familiarity degree coefficient Nk_ 0 indicating
the degree of driver’s familiarity with the steering character-
istics is temporarily corrected to “1” indicating that the driver
is sufficiently familiar with the steering characteristics. Thus,
it is possible to enhance the turning performance of a vehicle
at the time of an emergency avoidance by making a switch to
the reaction force characteristic that makes it possible to turn
the steering wheel 11 by a large amount or by making a switch
to the actual steering characteristic that the right and left front
wheels FW1 and FW2 are quickly turned in response to a
turning operation of the steering wheel 11. Accordingly, a
driver can very easily drive the vehicle under emergency
avoidance conditions.

Other Modifications

The embodiment of the present invention is not limited to
the above first to fourth embodiments, and the modifications
thereof. Various modifications and alterations can be made
without departing from the object of the present invention.

For example, in the first to fourth embodiments, and the
modifications thereof, the steering-by-wire steering system is
used as the steering system in which the steering operation
input shaft 12 and the actual steering output shaft 22 can
rotate relative to each other, whereby the present invention is
implemented so that the steering characteristics are appropri-
ately changed according to the value of the familiarity degree
coefficient Nk 0. However, it is also possible to appropri-
ately change the steering characteristics of, for example, a
transmission ratio variable-type steering system according to
the familiarity degree coefficient Nk_ 0.

Inthis case, it is possible to appropriately change the actual
steering characteristic in accordance with the degree of driv-
er’s familiarity with the steering system of the variable trans-
mission ratio type by continuously changing the ratio (trans-
mission ratio) of the amount of rotation of the actual steering
output shaft to the amount of rotation of the steering operation
input shaft by means of a variable transmission mechanism.
In addition, it is possible to appropriately change the reaction
force characteristic in accordance with the degree of driver’s
familiarity with the steering system of the variable transmis-
sion ratio type by changing the amount of assist provided by
an assist mechanism, such as an electric motor or a hydraulic
system, for reducing the force required for a driver to turn the
steering wheel 11. Thus, a driver can drive a vehicle without
feeling a sense of discomfort even in the case of the steering
system using a system other than the steering-by-wire system.

The determination of the familiarity degree coefficient
Nk_ 0 in the first to fourth embodiments, and the modifica-
tions thereof may be made by appropriately combining the
determination methods described in the description of the
embodiments and the modifications. Also in this case, the
familiarity degree coefficient Nk_ 0O is suitably determined,
and the steering characteristics are optimally changed accord-
ing to the determined familiarity degree coefficient Nk_ 0.

In the first to fourth embodiments, and the modifications
thereof, the steering wheel 11 that is turned in order to turn a
vehicle is used. However, instead of the steering wheel, a
joystick-type steering handle that is linearly moved may be
used, for example. Any other steering devices can be used as
long as it can be operated by a driver, and can be used to
provide instructions to steer the vehicle.
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In the first to fourth embodiments, and the modifications
thereof, the right and left front wheels FW1 and FW2 are
steered by rotating the actual steering output shaft 22 by
means of the actual steering actuator 21. However, instead of
the actual steering output shaft 22, the rack bar 24 may be
linearly moved by means of the actual steering actuator 21 to
steer the right and left front wheels FW1 and FW2.

While the invention has been described with reference to
what are considered to be preferred embodiments thereof, it is
to be understood that the invention is not limited to the dis-
closed embodiments or constructions. On the contrary, the
invention is intended to cover various modifications and
equivalent arrangements. In addition, while the various ele-
ments of the disclosed invention are shown in various com-
binations and configurations, which are exemplary, other
combinations and configurations, including more, less or
only a single element, are also within the scope of the
appended claims.

The invention claimed is:

1. A vehicle steering system comprising:

a steering wheel, operated by a driver, for steering a
vehicle;

a reaction force actuator for adjusting reaction force pro-
vided against an operation of the steering wheel;

an actual steering actuator for steering a steered wheel; and

a controller that adjusts magnitude of the reaction force by
driving the reaction force actuator in accordance with an
operation of the steering wheel, and that controls steer-
ing of the steered wheel by driving the actual steering
actuator,

wherein the controller includes:

a familiarity degree-determining section for determin-
ing a degree of driver’s familiarity with steering char-
acteristics that reflect relations between a certain
operation of the steering wheel and both of a reaction
force characteristic and an actual steering character-
istic of the steered wheel in response to the certain
operation of the steering wheel;

a steering characteristic-changing section for changing
the steering characteristics in accordance with the
determined degree of driver’s familiarity; and

an actuator operation-controlling section for controlling
operation of the reaction force actuator and the actual
steering actuator based on the steering characteristics
changed by the steering characteristic-changing sec-
tion,

wherein the familiarity degree-determining section
includes an operation amount-detecting section for
detecting an amount of operation of the steering wheel
by a driver, and a kinetic state quantity-detecting section
for detecting a kinetic state quantity of the vehicle that
varies due to an operation of the steering wheel,

wherein the degree of driver’s familiarity with the steering
characteristics is determined based on at least one of the
operation amount detected by the operation amount-
detecting section, the kinetic state quantity of the vehicle
detected by the kinetic state quantity-detecting section,
and a desired kinetic state quantity of the vehicle that is
calculated based on the detected operation amount, and

wherein the familiarity degree-determining section deter-
mines the degree of driver’s familiarity based on the
steering wheel operation amount detected by the opera-
tion amount-detecting section, and a value of a time
derivative of the detected operation amount.

2. The vehicle steering system according to claim 1,

wherein
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the familiarity degree-determining section determines the
degree of driver’s familiarity based on a peak value, in
terms of variation with time, of the steering wheel opera-
tion amount detected by the operation amount-detecting
section, and a peak value, in terms of variation with time,
of the time derivative of the operation amount.

3. The vehicle steering system according to claim 1,

wherein

the familiarity degree-determining section determines the
degree of driver’s familiarity based on the kinetic state
quantity of the vehicle detected by the kinetic state quan-
tity-detecting section, and a value of a time derivative of
the detected kinetic state quantity of the vehicle.

4. The vehicle steering system according to claim 3,

wherein

the familiarity degree-determining section determines the
degree of driver’s familiarity based on a peak value, in
terms of variation with time, of the kinetic state quantity
of the vehicle detected by the kinetic state quantity-
detecting section, and a peak value, in terms of variation
with time, of the time derivative of the kinetic state
quantity of the vehicle.

5. The vehicle steering system according to claim 1,

wherein

the familiarity degree-determining section determines the
degree of driver’s familiarity based on a value of a time
derivative of the steering wheel operation amount
detected by the operation amount-detecting section, and
a value of a desired lateral acceleration of the vehicle or
avalue of a desired yaw rate of the vehicle, the latter two
values being calculated based on the detected steering
wheel operation amount.

6. The vehicle steering system according to claim 5,

wherein

the familiarity degree-determining section determines the
degree of driver’s familiarity based on a peak value, in
terms of variation with time, of the time derivative of the
steering wheel operation amount detected by the opera-
tion amount-detecting section, and a peak value, in terms
of variation with time, of the calculated, desired lateral
acceleration or desired yaw rate of the vehicle.

7. The vehicle steering system according to claim 1,

wherein

the kinetic state quantity-detecting section detects at least
one of lateral acceleration and yaw rate of the vehicle
caused due to an operation of the steering wheel.

8. The vehicle steering system according to claim 1,

wherein

the familiarity degree-determining section determines the
degree of driver’s familiarity when a turning operation
of'the steering wheel that causes an absolute value of the
operation amount detected by the operation amount-
detecting section to increase is being performed.

9. The vehicle steering system according to claim 1,

wherein the familiarity degree-determining section includes:
an operation amount-detecting section for detecting an
amount of operation of the steering wheel by a driver;

a kinetic state quantity-detecting section for detecting a
kinetic state quantity of the vehicle that varies due to an
operation of the steering wheel;

an ignition switch operation state-detecting section for
detecting an operational state of an ignition switch pro-
vided in the vehicle;

a familiarity degree coefficient-determining section for
determining a familiarity degree coefficient that indi-
cates the degree of driver’s familiarity, based on at least
one of the operation amount detected by the operation

20

25

30

35

40

45

50

55

60

65

36

amount-detecting section, the kinetic state quantity of
the vehicle detected by the kinetic state quantity-detect-
ing section, and a desired kinetic state quantity of the
vehicle that is calculated based on the detected operation
amount;

a familiarity degree coefficient-storing section for storing
the familiarity degree coefficient that is determined by
the familiarity degree coefficient-determining section
immediately before a shift to an off state of the ignition
switch is detected by the ignition switch operation state-
detecting section;

an off-state time-determining section for, when a shift from
an off state to an on state of the ignition switch is
detected by the ignition switch operation state-detecting
section, determining off-state time during which the
ignition switch is maintained in the off state; and

a familiarity degree coefficient-correcting section for cor-
recting the familiarity degree coefficient stored in the
familiarity degree coefficient-storing section, based on
the off-state time determined by the off-state time-de-
termining section,

wherein the steering characteristic-changing section
changes the steering characteristics based on the degree
of familiarity indicated by the familiarity degree coeffi-
cient corrected by the familiarity degree coefficient-
correcting section.

10. The vehicle steering system according to claim 9,

wherein

the familiarity degree coefficient-correcting section cor-
rects the familiarity degree coefficient stored in the
familiarity degree coefficient-storing section so that the
longer the off-state time determined by the oft-state
time-determining section is, the less familiarity of a
driver with the steering characteristics that reflect rela-
tions between a certain operation of the steering wheel
and both of a reaction force characteristic and an actual
steering characteristic of the steered wheel in response
to the certain operation of the steering wheel the famil-
iarity degree coefficient indicates.

11. The vehicle steering system according to claim 1,

wherein

the controller further includes: a driver-identifying section
for identifying a driver who drives the vehicle; a driver-
dependent familiarity degree coefficient-storing section
for storing the degree of familiarity determined by the
familiarity degree-determining section for each driver
who is identified by the driver-identifying section; and a
familiarity degree-setting section for performing initial
setting of the degree of familiarity of each driver iden-
tified by the driver-identifying section, using the degree
of familiarity stored in the driver-dependent familiarity
degree coefficient-storing section.

12. The vehicle steering system according to claim 11,

wherein

the controller further includes: an ignition switch operation
state-detecting section for detecting an operational state
of anignition switch provided in the vehicle; an oft-state
time-determining section for, when a shift from an off
state to an on state of the ignition switch is detected by
the ignition switch operation state-detecting section in
response to an operation by a driver identified by the
driver-identifying section, determining off-state time
during which the ignition switch is maintained in the off
state; and a driver-dependent familiarity degree correc-
tion section for correcting the familiarity degree, of
which initial setting has been performed by the famil-
iarity degree-setting section, so that the longer the off-
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state time determined by the off-state time-determining
section is, the less familiarity of a driver with the steering
characteristics that reflect relations between a certain
operation of the steering wheel and both of a reaction
force characteristic and an actual steering characteristic
of' the steered wheel in response to the certain operation
of the steering wheel the familiarity degree indicates.
13. The vehicle steering system according to claim 1,
wherein
the steering characteristic-changing section includes at
least one of a reaction force characteristic changing sec-
tion for making a switch to a reaction force characteristic
that the less familiar with the steering characteristics a
driver is, the stronger the reaction force provided against
an operation of the steering wheel is, based on the famil-
iarity degree determined by the familiarity degree-deter-
mining section, and an actual steering characteristic-
changing section for making a switch to an actual
steering characteristic that the less familiar with the
steering characteristics a driver is, the gentler the actual
steering action of the steered wheel is in response to an
operation of the steering wheel, based on the familiarity
degree determined by the familiarity degree-determin-
ing section.
14. The vehicle steering system according to claim 13,
wherein
the actual steering characteristic-changing section makes a
switch to an actual steering characteristic that the less
familiar with the steering characteristics a driver is, the
smaller a ratio of an amount of actual steering of the
steered wheel to an amount of operation of the steering
wheel becomes, and the larger a time constant of the
actual steering actuator driven in response to an opera-
tion of the steering wheel becomes.
15. The vehicle steering system according to claim 1,
wherein
the controller further includes: an emergency avoidance
operation state-determining section for determining
whether an emergency avoidance operation of the steer-
ing wheel is being performed by a driver; and an emer-
gency avoidance operation-time familiarity degree-cor-
recting section for, when it is determined by the
emergency avoidance operation state-determining sec-
tion that the emergency avoidance operation of the steer-
ing wheel is being performed by a driver, correcting the
familiarity degree determined by the familiarity degree-
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determining section so that the familiarity degree indi-
cates that a driver is sufficiently familiar with the steer-
ing characteristics.
16. The vehicle steering system according to claim 15,
wherein
the emergency avoidance operation state-determining sec-
tion determines whether an emergency avoidance opera-
tion is being performed, based on an amount of opera-
tion of the steering wheel, a value of a time derivative of
the operation amount, and a speed of the vehicle.
17. A method of controlling a vehicle steering system that
includes: a steering wheel, operated by a driver, for steering a
vehicle; a reaction force actuator for adjusting reaction force
provided against an operation of the steering wheel; an actual
steering actuator for steering a steered wheel; and a controller
that adjusts magnitude of the reaction force by driving the
reaction force actuator in accordance with an operation of the
steering wheel, and that controls steering of the steered wheel
by driving the actual steering actuator, the method compris-
ing:
determining a degree of driver’s familiarity with steering
characteristics that reflect relations between a certain
operation of the steering wheel and both of a reaction
force characteristic and an actual steering characteristic
of the steered wheel in response to the certain operation
of the steering wheel;
changing the steering characteristics in accordance with
the determined degree of driver’s familiarity; and

controlling operation of the reaction force actuator and the
actual steering actuator based on the changed steering
characteristics,

wherein the determining the degree of driver’s familiarity

includes detecting an amount of operation of the steering
wheel by a driver, and detecting a kinetic state quantity
of the vehicle that varies due to an operation of the
steering wheel,

wherein the degree of driver’s familiarity with the steering

characteristics is determined based on at least one of the
detected operation amount, the detected kinetic state
quantity of the vehicle, and a desired kinetic state quan-
tity of the vehicle that is calculated based on the detected
operation amount, and

wherein the degree of driver’s familiarity is determined

based on the detected steering wheel operation amount,
and a value of a time derivative of the detected operation
amount.



